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o ya
" Using the Energetic Pion Channel and Spectrometer system at the
Clinton P, Anderson Meson Physics Facility, differential cross
sections were measured for ‘gf inelastic scattering to the ﬁﬂ, T=0,
2,185-Mev, dﬂ, T=1, 3,563-MeV, and iﬁ. T=0, 4.25-MeV states of ®Li at
incident pion energies of 120 and 180 MeV and laboratory scattering
angles between 15° and 47°, Excitation functions were measured at a
constant momentum transfer of approximately 109 MeV/c for incideat pion
energies from 100 to 260 MeV. The constant momentum transfer cor-
responds to the maxima of the angular distributions for n* inelastic
scattering to the 3,563-MeV level, Microscopic calculations using the
distorted-wave 1impulse approximation (DWIA) agree well with the

measured angular distributions and excitation functions for the 2,185~

and 4,25-MeV levels, However, microscopic DWIA calculations do not
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I. INTRODUCTION

Since the prediction of the pion by Yukawa [Yu=-35] in 1935 and
its production in the University of California Radiation Laboratory by
Gardner and Lattes in 1948, there has been extensive theoretical and
experimental work with the pion as a probe of nuclear structure., Such
extensive work was possible and is continuing due to the construction and
subsequent operation of three meson production facilities: the Los ::;j

Alamos Meson Physics Facility (LAMPF) in the United States, the Swiss 'fll

Institute for Nuclear Research (SIN) in Switzerland, and the Tri- -
University Meson Facility (TRIUMF) in Canada., LAMPF 1is the highest 'f}
intensity meson production facility, However, all three facilities were .fﬁ}

constructed to produce high energy resolution secondary beams of pions
) required in the study of closely spaced (< 1 MeV separation) excited

levels of nuclei with sometimes extremely small pion-induced inelastic

Fi scattering cross sections,

The pion is a pseudoscalar, J"-O', isovector, T=1, meson and is
the lightest known strongly interacting particle (m" = 139.6 MeV), As a
field quantum of the nuclear force, the pion is responsible for the long-

range part of the hadronic potential. Many of the pion”s properties make

AR T— n
Wt ! A .
4

it an extremely useful hadronic probe due to resulting cheoretical

L A A
.

simplifications in the analysis of pion-nucleus scattering data, and the

ability to perform experiments with the pion which complement those using

N B
. other hadronic and electromagnetic probes or which cannot be done with v
» any other probe: (1) There are three charge states of the pion, w*, #0, o
1 RN

e
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and ¥ ; thus, one can use the pion for elastic scattering, single-charge-
exchange (SCX) scattering, and double-charge-exchange (DCX) scattering.
The latter process can lead to nuclear levels with T, Tz values not

obtainable with a T=1/2 hadronic probe such as the proton. (2) The pion

possesses spin zero. As a boson, it can be absorbed by clusters of
- nucleons in the nucleus, and plon absorption experiments may therefore
*: provide useful information about nucleon correlations within the nucleus,
o Furthermore, the pion“s zero spin results in a considerably simpler two-
{ body scattering amplitude for pion-nucleon reactions than for nucleon-
¥! nucleon reactions., Also, along with the three charge states, the pion”s -
spinlessness allows an easier parameterization of the scattering

amplitude and fits to the experimental w¥psntp, =7psn™p, and 7 p+7°n

data., Thus, the most important pion-nucleon phase shifts have been

determined accurately over a large 1incident pion energy region f;
(T"(lab) < 500 MeV). (3) The pion“s light mass (~1/7 of the mass of a ﬁ;b
nucleon) and its distinguishability from nucleons means that recoil 51;
effects, projectile structure, and particle exchange between the o
projectile and target are not as important to consider or do not need to

be considered in a theoretical treatment of pion-nucleus scattering as is -

the case for other hadronic probes such as protons and alpha particles.

(4) Lastly, the total **p and n7p cross sections (see Fig., I-1) exhibit

many resonances resulting in strong energy- and charge-dependent cross

sections, The total cross section for p + p shown in Fig. I-1 shows no

N

resonant structure, At low to medium 1{incident pion energies of SN

+ - ::‘-_.'

100 < T“ < 300 MeV, the 7w p and n p cross sections are dominated by the RO
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4(1232) resonance (I' ~ 110-122 MeV) which occurs when the phase shift of
the %=1, J=3/2, T=3/2 partial wave rises through 90° at T, = 195 Mev,

The A(1232) resonance 1is extremely important in pion-nucleus
scattering. The most prevalent theoretical description of pion-nucleus
inelastic scattering uses the distorted-wave 1impulse approximation
(DWIA), treating nuclear transitions in the Born approximation., Such a
description involves the basic pion-nucleon interaction; therefore, the
energy, spin, and isospin dependences of the pion-nucleus interaction
result from the energy, spin, and isospin dependences of the plon-nucleon
interaction, which is dominated by formation of the A(1232) resonance.
Thus, to understand the utility of the pion as a probe of nuclear
structure, one needs to look at pilon-~nucleon scattering in the energy
region of the A(1232) resonance.

The center-of-mass differential cross section for the elastic

scattering of two particles with spin s, and s, is (Ta=72)
+> + +
40/ g (P7, X *P,X) = [KX|F( +D) %02 , (1-1)

where p, p~ are the initial and final relative momenta, |x>, |x”> are the
general initial and final spin states of the two particle system
(x> = Ex5|£>), and F(;‘*E) is the scattering amplitude matrix coansisting
of the [(231 +1)(2s, + 1)]? individual scattering amplitudes f€’5(5’+5).
| £> labels the basis vector (@m,> or |s,m -mlgm [m),my><s;s,m m, [sm>,
For the case of pion-nucleon scattering (sl-O, s:-l/Z), F(;'*B) is a

(2 x 2) matrix and 1its most general form which is compatible with

invariance under rotations and parity is [Ta-72]

L _J
e

s

-y R L.
A




F(p-+p) = a(E,, 01 + 1b(E,,0)R+3 (1-2)

where 6 1is the scattering angle, Ep is the center-of-mass energy, I is
the unit (2 x 2) matrix, 5 denotes the Pauli spin matrices, and 0 is the
unit normal to the scattering plane (4 = (P x 3’)/(|3 x 3'|)). With this
form for F(B'*E), the unpolarized center-of-mass differential cross

section for elastic pion-nucleon scattering is

do/df; p (57+D) = |a(Ep,0)|2 + |b(Ep,0)|2 . (1-3)

Both orbital and total angular momentum are conserved as well as
the total isospin 1in pion-nucleon scattering, One can thus expand

F(S’*B) in partial waves according to

F(p~+p) = ;QTE(ZI + 1)§Pg’Ju§T,2J(p)Pg(cose) , (1-4)
where Qr and Pg’J project onto states of definite total isospin T and

total angular momentum J, respectively, and the partial-wave amplitudes

°%T,2J are expressed in terms of the phase shifts according to

eis%T,ZJ(P)sin[S%T’ZJ(p)]

v “%T,ZJ(p) = > . (1-5)
S

Ef‘ The total isospin is T=1/2 or 3/2 and the total angular momentum is
P_ J=2+1/2 or #-1/2. The projection operators are

.
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Qo = 1/3(1 = I*D) Q37 = 1/3(2 + I*1) , (1-6a) RS

+» > : .-‘..

p L=l p _L+1+3°L (1-6b) 88
£,J=2-1/2 " 37 + 1 L,Je241/2 = =37+ 1 °

»> l

with 1 the pion isospin operator and T the nucleon Pauli isospin T

operator., Substituting these expressions into Eq. (I-4), keeping only -

r

the 2=0 (s wave) and &=1 (p wave) terms (since these are the most ¥

important partial-wave amplitudes in the energy range 0 < T' < 345 MeV -]

{E1-80]), and comparing to Eq. (I-2), -

>, > ., * A > _1

F(p +p) = (3, + 311-1)1 + 1(b0 + b I°T)aeq , (I1-7a)

with -~

L

R

a. = 1/3a¥ o +2ad ) + 1/3¢al | + 20} | + 2al 4 + 4a) 3)cos® , (1-7D)

0 1,1 3,1 1,1 3,1 1,3 3,3 ’

0 0 1 1 1 1 —4

a, = 1/3(-01’1 + “3,1) + 1/3(-01’1 +a3) - Zal’3 + 2c3’3)cose , (I-7¢) - 4

b, = 1/3(a} - al | + 2al ; - 24} |)sind (1-7d) ]

0 %1,3 1,1 93,3 a3 1)sinbd ,

= -al i ) . | _

b, 1/3¢( aj 3 + a + a3 3 a3’l)sine o (I-7e) -

a, and b, are the isoscalar terms, a; and b, the isovector terms, and b, ‘_:’:::;

.. A

and b, the spin-flip terms. 1

As mentioned previously, for 100 < T, < 300 MeV, pion-nucleon - ‘

scattering 1s dominated by the 4(1232) resonance, Therefore, the largest f*_:

R

phase shift in this energy range is 6_.1,‘ 3. With Egs. (I-3) and (1I-7) and ;

-

e

RS

T

AN

=

M

‘.?:5

R e T S e R S



o Rt UL aren ar S S S et Wl Sush Rt St sest et JnS b Al Mbeaate M Searude 4 A Sna S6 A SrE diy B SRSeA R ALIRGEInAtfivs S e Ser et S s ik 8 4 S S S ARSI S A R

using only the a%’3 partial-wave amplitude, the unpolarized center-of-

nass differential cross sections for ltp elastic and SCX scattering are

. do/da(vt+pentep) = (4cos?e + sin26)|aé'3|Z . (I-8a) S
ﬁ do/dQ(n +p+n +p) = 1/9(4cos?0 + sin26)|a§’3|2 R (I-8b) R
| - .
g do/da(n " +p+x%4n) = 2/9(4cos?0 + sin29)|c§,3|2 . (1-8¢c) oo
: Since the total cross section for n"p scattering below the threshold for jf»Jﬁ
- el
P pion-nucleon inelastic scattering (T“ = 173 MeV, but inelastic processes ' - 4
b
; are not important for T, < 400 MeV) is the sum of the elastic and SCX o
scattering, from Eq. (I-8) t

op(*p)/og(x7p) = 3, (1-9)

in agreement with the experimental total cross sections shown in Fig.

I-1, Also from Eq. (I-8),

o(w+p)/a(w"p) =9 , (I-10a)

a(ntp)/o(SCX) = 9/2 . (I-10b)

Experimental pion-nucleon data taken at energies near the peak of the
A(1232) resonance confirm these ratios. Thus, assuming that only the
05’3 (P33) partial-wave amplitude contributes to pion-nucleon scattering
(in the energy range 100 < T_ < 300 MeV) introduces little error,
Consequently, using P3'3 dominance and the impulse approximation, one can

obtain simple, transparent expressions for pion-nucleus scattering.
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For example, keeping only the P33 partial-wave amplitude, Eq.

(I-7) is

FS
F(P +p) = 1/3q§,3(2 + I[+T)[2cos6 + inegsinb] . (I-11)

Siciliano and Walker [Si-81], following the approach of Gupta and Walker
{Gu-76] and using a single-step, impulse-approximation mechansim, showed
that the differential cross section for pion-nucleus inelastic scattering
retains the same basic energy, isospin, and spin dependence. For
unnatural-parity transitions (Aw=(~1)J*!  where A7 is the parity change
and J is the total angular momentum transfer) the spin transfer is AS=l,
and such transitions must proceed through the f+o operator of Eq. (I-l1),
As a result, the constant-momentum-transfer (q) excitation functions
should decrease with increasing incident pion energy according to sin?8,
Such an energy dependence was first observed {Co-79] for unnatural-parity
transitions to the 4~, 19,25-MeV state and 2~ structure at =18,4 MeV in
12¢ and later ([Se-81] to the 9/2%, 9,5-MeV state in !3C, Microscopic
DWIA calculations, wusing harmonic oscillator forms for the spin
transition densities, reproduce well both the excitation functions and
the shapes of the angular distributions for the 4~ state of 12¢ [co-84])
and the 9/2* state of !3C [Se-81a,Se-82].

Transitions to states of stretched configuration, (jpjh'l)Js with
jp = zp +1/2, jp = & + 1/2, and Jg = jp + jp» are an important subclass
of unnatural-parity transitions, For these transitions only the

L=Jg~1 (L is the orbital angular momentum transfer) spin tramsition

density is involved in the (e,e”), (p,p”), and (7,7") reactions [Mo-74},

.
A R I R TA I Vet Te e e
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Using harmonic oscillator forms for the spin transition densities with
the size and strength parameters fixed from (e,e”) and (p,p”) data, Carr,
et al, [Ca-83] obtained good agreement between DWIA calculations and the
(v,%") data for the 4, 17.79-, 18,98-, and 19.80-MeV states of 180 and
the 6=, T=0 and T=] states at 11,58 and 14.36 MeV in 28si,

The above examples illustrate that, in the energy range of the
A(1232) resonance, calculations using the DWIA and well-known transition
densities are adequate for describing the pion-induced excitation of
nuclear states that are strongly excited, However, for pion-induced
excitation of nuclear states which are weakly excited by a one-step,
impulse-approximation mechanism, nuclear medium effects and multistep
processes may be important and there may not even be qualitative
agreement between pion inelastic scattering data and DWIA calculations.
This is indeed the case for the T=] member of the weakly excited 1t
doublet, 12,71 MeV (T=0) and 15,11 (T=1), of 12¢ [Mo-82]). As can be seen
from Eq. (I-11), the ratio of cross sections for AS=] transitions should
be 0o(AT=0)/0(AT=l) = 4/1, provided that the form factors for the two
transitions are the same [Gu-76], Furthermore, this ratio {is
approximately correct in DWIA calculations which include all s- and p-
wave partial amplitudes, Cohen-Kurath p-shell wave functions [Co-65]
describe the 12,71- and 15.11-MeV states as near analogs (i.e., the
space-spin pieces of the wave functions are approximately the same), and
this description for the spin densities 1is supported by (e,e”) data
(Co-84]., Nonetheless, although both the experimental excitation function
and the angular distributions for the 12,71-MeV state are well reproduced

by DWIA calculations, the measured ratio of four times the averaged wt

-
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and %~ differential cross sections for the 1S5.11-MeV state to the

averaged L

and ®~ differential cross sections for the 12,71-MeV state :i}l;-
(see Fig. I-2) deviates significantly from one, especially at energies ) ' }
near 180 MeV (A(1232) dominance), and displays a rapidly varying energy

dependence. (Averaging the n* and 7~ differential cross sections removes

Y U VIO

the effect of isospin mixing between the two states on the ratio to »

better than 1% [Mo-82].) Also, DWIA calculations do not agree with the

' L
arary

15.11-MeV angular distributions at energies near the A(1232) resonance

[Co—84]. -

AN ¥

Uncertainties in the spin transition density or the spin-
dependent piece of the effective pion-nucleus interaction do not seem to
be a plausible explanation [Mo-82] for the anomalous excitation function —
for the AS=AT=1 transition to the 15.11-MeV level of l2¢, Rather, a more
likely explanation considers another process, in addition to a one-step,
impulse-approximation mechanism, contributing to the isovector
transition, A possible mechanism is the previously proposed (Mo-82]
direct excitation of A particle-nucleon hole (A-h) components in the
final state wave function, Thus, to further investigate pion-induced
excitation of nuclear states which are weakly excited, where the DWIA may
be 1inadequate and the direct excitation of A-h components may be an
important plece of the scattering amplitude, this dissertation {is
concerned with the AS=AT=1 transition from the 1%, T=0, ground state of
5L1 to the 0%, T=1, 3.563-MeV level. As for the 15.11-MeV level of !2c,
the DWIA analysis of this unnatural-parity transition is particularly

simple, involving only the spin-dependent piece of the effective pion-

ad uaalsa

nucleus interaction and the spin transition density,
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12¢ and the differential cross sectioas (averaged w7 and 1) for ¥
inelastic scattering to the 1%, T=0, 12.71-MeV state of 12C [Mo-82]. L




N Ty T T v v M e gva DA Afwe S B Jlegh Ben Suess et Jimes Jhes Boiws Seen ioe oven Avas o —rw
- PR RN - N LT ST T e - - v

12 -
3
Chapter II of this dissertation describes the experimental ~.
facility used to acquire the data. Chapter III describes the extraction 3 -
. of differential cross sections from the various (#*,n*") Q-value spectra. “ 4
: Also in this chapter is the presentation of the data, which consist >
| of: (1) the first detailed measurement of a constant q, q = 109 MeV/c,
t excitation function for ®% fpnelastic scattering to the weakly excited '., ;
3.563-MeV state of ®Li at incident pion energies from 100 to 260 MeV, (2) ;:4
partial angular distributions at T, = 120 and 180 MeV for ** fnelastic :
scattering to the 3,563-MeV level, and (3) differential cross sections '1
for w7 elastic scattering and for 7t inelastic scattering to the
2,.185-MeV (3+, T=0) and 4,25-MeV (2+, T=0) states., A discussion of non- i
relativistic multiple-scattering theory and its application to pion- ---
nucleus scattering is given in Chapter IV, Chapter V presents the DWIA -«:
calculations performed for the three low-lying excited states of ®Li and :
includes discussion of the data and calculations. Appendix C is a copy _;

of the paper resulting from this dissertation experiment, which was

received by Physical Review C in August 1984,
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

The data presented in this dissertation were collected using the o

Energetic Pion Channel and Spectrometer (EPICS) system at the Clinton P, ]
9
‘ '4
s Anderson Meson Physics Facility in Los Alamos, New Mexico (LAMPF), LAMPF
t; is described 1in various Los Alamos Scientific Laboratory Reports o
.
[L1-72,A1-77,Li-77]. Briefly, LAMPF consists of an 800-MeV proton linear p
-]
accelerator, capable of accelerating simultaneously H" 1lons and H™ ions _ f
t. (or polarized H  {ons), and several experimental areas for auclear ; 4
structure and chemistry studies, LAMPF was designed to produce a proton "
beam with an average current of 1 mA at a duty factor of 6-12%. However, fi'f
during the experiment (June and November 1982) which provided the data s
for this dissertation, the average curreat was = 700-750 pwA at a 7.5% - 4
duty factor. The H* beam enters Experimental Area A and impinges on the e
first graphite target (the A-1 target), producing pions (and other fii
-
secondary particles) which the EPICS channel accepts at an angle of 35° .
from the H* beam direction. Experimental Area A is shown in Fig. II-I. ‘::;
=
‘._‘\
1
A. EPICS system
]
5
The EPICS system [Th-70] was designed to provide good energy }i}ﬁ
resolution and good angular resolution studies of pion-induced excitation R
of nuclear levels, with cross sections as low as several nb/sr, from low j{?h
-_‘\-'-J
incident pion energies of ~ 70 MeV to energies above the A(1232) reso- j{}{
T e
e
nance, ~ 300 MeV, EPICS consists of a high intensity, high resolution
R
13 e
R
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; plon beam channel, a sacattering chamber, and a high resolution spec- }i;ﬁ
l trometer, A diagram of the EPICS channel, scattering chamber, and ﬁ;i;?
) SN
spectrometer is shown in Fig. II-2. Table II-1 lists the specifications iﬁﬁ:
! of the EPICS system.
The EPICS channel, shown in Fig. II-3, consists of four dipole
magnets (BMO1-BMO4), three multipole focusing magnets (FM01-FMO3), and : B
four adjustable collimating jaws (FJOl-FJ04). The channel”s length of .'f
15,24 m was chosen in order to momentum select pions of maximum kinetic E;;
energy of 300 MeV, but be short enough to maintain a reasonable flux of 552"
»

70 MeV pions even after pion decay through the channel., The four bending
magnets provide charge and momentum selection and momentum dispersion of
the channel beam. (In such a dispersed beam, the momentum of a particle
is correlated with its position in the beam.) The optical mode is point
to point to point to point in the vertical direction and point to

parallel to point to parallel in the horizontal direction, FMO1-FM0O3

each have three windings, quadrupole, half-sextupole (top), and half-

sextupole (bottom), and are used for removing higher-order aberrations of

the channel optics, The four adjustable collimating jaws determine the .Afé

phase space and flux of the channel beam. FJOl has only vertical jaws

(disabled), and along with a fixed collimator, defines the channel

acceptance, When FJOl 1is operative, regulation of the channel beam

intensity and vertical divergence is accomplished with FJOl, FJO2-FJO4
each have two pairs of jaws, one horizontal and one vertical, The
vertical jaws of FJO4 define the channel momentum acceptance and, hence,
the vertical size of the channel beam at the scattering target, while the

horizontal jaws define the horizontal divergence of the beam. With all
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& TABLE II-l: EPICS system specifications.2 -
) ;
s CHANNEL SPECTROMETER
b,
r.
Solid angle 3.4 msr Solid angle =10 msr P
Ap/p 2% ap/p 142 .-
Beam size (horizontal) 8 cm Momentum range 100-750 MeV/c '
Beam size (vertical) 20 cm Flight path =125 cm o
Beam divergence (horizontal) <10 mrad Dispersion 4 cn/% -
Beam divergence (vertical) 100 mrad o
Energy range 70-300 MeV o
L
3pef, [LA-80]. ifzi
[}
TABLE 1I-2: EPICS channel beam pion flux and composition, ;ik;
L.
T, Pion Flux? Beam Content? -
L L w P u e )
(MeV) (x 107 n/s) i
3
100 6.7 1.8 100 ~35 15 50 N
200 22,0 4,7 100 ~400 5 8 g
300 26.0 4,5 100 ~650 2 2 R

3Normalized to a primary proton beam average current of 1 mA [LA-80],
The relative beam contaminant numbers are normalized to the pion numbers
[ 30-86 ] .
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jaws fully open, the channel beam at the scattering target has a vertical
dispersion of 10 cm/%, a momentum bite of % 1%, and a divergence of 100
mrad. In the horizontal plane, the divergence is < 10 mrad. The resul- ® '
tant beam spot is 20 cm (vertical) by 8 cm (horizontal) [LA-80], and the

channel beam pion flux and composition are presented in Table II-2,

At the center of the scattering chamber, located at the focal -
plane of the channel, is the target ladder containing up to four full-
size targets (22,9 cm x 15,2 cm), Different targets are selected by
moving the target ladder vertically. Also, the target ladder can be ;;‘5;
rotated relative to the channel beam, The normal procedure is to bisect ,5{tﬁ
the scattering angle, thus minimizing the path length traversed through D
the target., Mimimum beam travel through the target minimizes straggling
which, in turn, helps to maximize the resolution., To balance acceptable
resolution against count rates, target areal densities for pion elastic
and inelastic scattering experiments range from 100 to 300 mg/cmz.

The EPICS spectrometer (see Fig. 1I-4) consists of a quadrupole
triplet (QMO1-QM03), two dipole magnets (BMO5-BMO6), and front and rear
focal plane detector systems, The spectrometer rotates about its pivot,
situated at the focal plane of the channel, through an angular range of
-10° to 120°, The optical mode from the scattering target, through the

quadrupole triplet, to the front focal plane (located just before the two

dipole magnets) is point to point in the vertical direction and parallel
to point in the horizontal direction. A magnification of -1 is provided
by the quadrupole triplet, forming an inverted image of the scattering
target in which x is proportional to x at the scattering target and y is

proportional to the scattering angle at the scattering target. The two
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dipole magnets vertically disperse the beam, 4 cm/%, and the useful
momentum bite of the spectrometer is * 6%, Their optical mode is point
to point in the vertical direction and point to parallel in the hori-
zontal direction, Fig, II-5 illustrates the optics of the spectrometer
and the coordinate system used in defining particle trajectories. Also
shown are the front and rear focal plane detector systems. The front
focal plane detector system is a set of four multiwire proportional drift
chambers (F1-F4) with F4 located at the focal plane of the quadrupole
triplet, The rear focal plane detector system consists of four multiwire
proportional drift chambers (R5-R6, R9-R10), with R5 located at the rear
focal plane, a scintillator (S2), a slab of Lucite used to range out

protons, a scintillator (S3), and a muon rejector,

B. Detector system and beam monitoring

Since the spectrometer is not dispersion matched to the channel,
the detector systems at the front and rear focal planes must measure both
particle positions and angles in order to determine the incident
particles” momenta and the scattered particles” momenta., These two
quantities allow determination of the reaction kinematics. Thus, 1in
order to obtain good momentum resolution, the multiwire proportional
drift chambers must provide good position resolution., The multiwire pro-
portional drift chambers used in the EPICS spectrometer [At-81,Mo-82a]
provide position resolutions of 125 um (FWHM) and may operate at count
rates up to 10 Hz., The set of four multiwire proportional drift

chambers (Fl-F4) at the front focal plane are packaged in one chamber
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assembly., This chamber assembly consists of eight signal planes, two
orthogonal sets of four planes each in order to obtain vertical and hori-
zontal position (x,y) and angle (9,¢) information, with each signal plane
separated by grounded foil planes, Each set of four signal planes with
the signal wires in the same direction are arranged as two sets of two
signal planes. The two sets of signal planes are separated by 10 cm.
Within each set of two signal planes, the two signal planes are separated
by 1 cm and offset with respect to each other by one-half of a wire
spacing. The set of four multiwire proportional drift chambers (R5-R6,
R9-R10) at the rear focal plane are packaged in two chamber assemblies,
each consisting of four signal planes, two orthogonal sets of two planes
each, Their construction is the same as the front chamber assembly, All
signal planes are of an alternating gradient design, with the anode wires
at positive high voltage (typically 2150 V) and a wire spacing of 8 mm,
and cathode wires at ~200 V centered between the anode wires, The anode
wires are directly coupled into a fast (2.5 ns/cm) delay line, thus
giving two anode signals per signal plane, while alternate cathode wires
are bussed together, thus giving two cathode signals per signal plane.
Presently, only the two anode signals per plane are used to calculate
positions and angles. Calculation of position is as follows. A time
difference and time sum from the two anode signals are formed. The time
difference i{s directly related to the position of the wire closest to the
ionizing event, determining the position of an event to * 4 mm. Further
position resolution 1is obtained from the time sum, which is equal to
twice the drift time to the event wire plus a constant offset, However,

one must decide whether to add to or subtract from the drift distance the
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anode wire position, This left-right ambiguity can be solved with four
signal planes, hence, the need for eight signal planes at the two focal
planes, and is described in [At-81,Mo-82a,Iv-79]. Angles are determined
from the spacing (10 cm) of the two sets of two signal planes which
comprise a set of four signal planes whose anode and cathode wires are in
the same direction in conjunction with the positions measured in each set
of two signal planes., Thus, the information provided by the multiwire
proportional drift chambers located at the front and rear focal planes of
the EPICS spectrometer consists of the eight quantities xg¢, yg¢, ¢
(dxg/dz), ¢¢ (dyg/dz), xpy Ypo B0y €p.

Two scintillators (S2, S3) were the only scintillators used as
part of the EPICS detector system during this experiment. They are
located just after the rear set of multiwire proportional drift chambers
and are separated by a slab of Lucite. Photomultiplier tubes are
optically connected to each end of the scintillators. The purpose of the
scintillators was twofold. They were used as part of the logic defining
a hardware trigger signal for events and for particle identification,
For particle identification, the signals from S2 and S3 are used to
measure a time of flight between S2 and S3 and pulse heights, which are
linearly proportional [Me~66] to the energy loss in the scintillators.
Since time of flight is proportional to E/pc2 and energy loss is propor-
tional to (ZeE/pc?)? [Me-66] (E is the total energy of the particle, p is
the momentum, and 2Ze 1is the charge), these two measurements aid in

distinguishing particles of differeant masses and charges.
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Following scintillators S2 and S3 is a series of scintillators
(S4-S9) separated by carbon wedges of varying thicknesses. (The wedge
shape is needed to account for the variation of momentum across the rear
focal plane.) This arrangement of six scintillators and six carbon wedges
is known as the muon rejector [Mo-84]. The muon rejector is designed to
eliminate the muon background from in-flight decay of pions before the
front set of multiwire proportional drift chambers and elastic scattering
of channel beam muons. The operation of the muon rejector is as follows.
Since muons and pions both have a single unit of charge, muons and pions
of the same momentum are transported to the rear focal plane, For the
same momentum, the total energy of a pion is greater than a muon and thus
the plon“s range 1in matter is less than that of the muon

(-dE/dx <« (ZeE/pcz)zne, where n, is the electron density of the ranging

e
material [Ja-75]). Furthermore, pions also lose energy due to nuclear
collisions, The first carbon wedge is of the correct thickness to remove

pions of 100 MeV kinetic energy but not muons. The second carbon wedge
removes pions of 140 MeV kinetic energy but not muons, and so on., To
remove pions of intermediate energies, there is space between S3 and the
muon rejector to place varying thicknesses of aluminum, The signals from
the scintillator following the carbon wedge of the desired pion energy
are then used to veto muons (usually in the software), During this
experiment, the muon rejector rejected most of the muon background
(90-95%), while rejecting only 2-5% of the pions,

To obtain the normalization required in the calculation of pion
elastic and inelastic differenttal scattering cross sections, three beam

monitors are used., Several beam monitors provide cross checks on the
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stability of each monitor. An ionization chamber (ICl) located down-
stream of the scattering target monitors the EPICS channel beam current.
The primary beam current 1s monitored by an 1ionization chamber (BOT)
located within the pion production target cell and a charge integrating
toroidal coil (1ACMO2) located upstream of the pion production target.
Both the BOT and 1ACMO2 signals are gated by a RUN gate so that the
primary beam current is mounitored only during data acquisition., BOT and
1ACM02 are reliable indirect measures of the EPICS channel beam current
provided the proton beam is always properly steered and strikes the A-l
target, For portions of this experiment, both BOT and 1ACM02 were used
for normalization, because ICl partially blocks the spectrometer entrance
for eLAB < 25° and is not used, and BOT was not operational near the end
of the experiment, A careful check of the ratios IC1/BOT and IC1/1ACMO2
(< 2% fluctuations) for @,,5 > 25° proved the reliability of BOT and

1ACMO2,

C. Data acquisition and analysis system

The data acquisition and analysis system for EPICS consists of an
on-line PDP-11/45 computer which runs under DEC”S RSXll-D operating
system, several CAMAC crates containing CAMAC electronic modules, a
Microprogrammable Branch Driver (MBD) interfacing the PDP-~11/45 and CAMAC
crates, computer peripherals (tape drive, two graphics terminals, disk
drive system, and a printer/plotter), and the LAMPF standard data
acquisition software package '"Q" for managing the data acquisition and

display of the experimental data [Am-79]. The scintillator signals and
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»
chamber signals are passed via coaxial cables from the focal planes to
the counting house and fed into NIM modules, discriminators, Meantimers,
ADC’s, and TDC”s for the scintillator signals and discriminators and ; C
.. 4
TDC”s for the chamber signals (see Fig., II-6). The logical "and" of the 1
meantimed signals from S2 and S3 and at least two signals from both the
four x planes and four y planes of the front multiwire proportional drift i T
chambers define a trigger signal (trigger signal = (S2¢S3)*(Fl or F2)+(F3 e
or F4))., This signal along with a logical "and" of the not-busy signal ]
4
issued by the PDP-11/45 computer when it 1is ready to accept data o
L

constitutes the hardware trigger (hardware trigger = (trigger
signal) *(not-busy signal)). The hardware trigger signal initiates the
reading of the data words (20-100) for that event. The "Q" software
{Ke-78] controls this reading, the writing of the data words for each
event to magnetic tape, and processing of the events if time is available
(MAY PROCESS mode of on-line data acquisition). Both the trigger signals
and the hardware trigger signals are scaled along with other quantities
such as S2°S3, (Fl or F2)+(F3 or F4), ICl, BOT, 1ACMO2, etc. The "Q"
software reads the scalers at fixed time intervals and stores all
quantities in a scaler file. The ratio of the number of hardware trigger
signals (EVENT*BUSY) to the number of trigger signals (EVENT) is a

measure of the computer”s rate of data taking, the computer live time

(CLT = EVENT *BUSY/EVENT). ]

An important part of the EPICS electronics not shown in Fig.

PR IACTACIN
PR AP
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11-6, but used during the experiment, is a fast clear circuit used to
eliminate the majority of the hardware trigger signals corresponding to

elastic scattering events (Se-8la)., The fast clear circuit aids in the
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measurement of small 1inelastic scattering cross sections relative to

elastic scattering. This circuit produces a signal which is used to veto
9 out of 10 or 99 out of 100 hardware trigger signals; thus, the data °
words for only one of 10 or one of 100 elastic scattering events are read
into the computer, written to magnetic tape, and processed (if time is

available), The number of vetoed hardware trigger signals (FAST CLEAR) -

are scaled. e
Once the data words for an event are read into the computer, the E;:,
processing of the data 1is done on an event by event basis with the ;‘;J
standard analyzer task for EPICS data-taking (QEPX) in conjunction with a ,_.
test file (experiment-specific) and a display package (experiment- Eféf
specific). The goal of the data processing is to determine which events ;;:;
]

are good pion events and calculate the excitation energy given to the

target nucleus by these pions. This goal is accomplished through the

main program of the analyzer (PROC0O6). PROCO6 examines each event and R

calls subroutines to calculate all chamber and scintillator quantities !1‘,
from the outputs of the TDC”°s and ADC”s, calculate trajectory infor- fg;:
mation, use the test file to test the various quantities, compute the

missing mass associated with each event, and arrange the data in bins for ’;

storage in histograms determined by the display package.

The test file [Am~78) consists of the user-specified tests to be -,:If
performed on each event. The test file is structured into loops, and the
loops are called separately and in order by the analyzer, Each loop may

contain two types of tests, microtests and macrotests, The microtests

are tests on the data words, and the macrotests are tests on loe’cal -

combinations of previous microtests or macrotests., Microtests can be a
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BIT test which is true if a specified bit is set in a specified data

word, a GATE (DIRECT or INDIRECT) test which is true if the specified

integerized data word is greater than a given lower limit and less than .‘
or equal to a given upper limit, and a BOX test which is a combination of
two INDIRECT GATE tests. Macrotests are logical "and”s", "inclusive
or’s", or "exclusive or“s" on specified microtests or macrotests.

The display package (DSP) is used to construct and display both
one-dimensional histograms and two-dimensional dot plots. Histograms and
dot plots are defined by the data words to be histogrammed or plotted,
lower and upper limits of display, a binning factor, and the tests

defined in the test file which the event must pass. Both histograms and

dot plots can be viewed on a graphics terminal during oa-line data
acquisition, However, only histograms can be saved for later data

analysis. In addition to saving histograms, scaled quantities, the

results of the test file, and the relevant kinematic information for each

experimental run (period of data acquisition, ~ 155,000 taped events) are

saved for off-line data analysis.

D, Event analysis L

The following paragraphs describe in more detail the various 3;13?
A
steps in the data analysis, leading to a missing mass histogram of good |

pion events which can be used to calculate scattering cross sections,

Fig., 1I1-7 1s a test file used during the experiment for this ::ix:
dissertation, The first calculation for an event performed by the !i_.j
analyzer is the particle identification test (PID) (see test #l1 in Fig. i;gi

L
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ne a8
12-APR-63 12:01:30 EVENT €6 FILEC 135.303DF.73T
49991. = GAT. 259, 10000, 12008.. ;1 381 DE/DX 1DEV. 78T
49991. = GAT.251, 10008, 12000. 12 3S2 DE/DX PRODUCT JLARGE JMS
49991, = GAT,252, 10008, 12000. ;3 3S3 DE/DX PRODUCT
7043, = B1,2.0, :4 2S4 MUON
374. = B1.2.1, S ;88
248, = Bl1.2,2, :6 356
179, « 81.2.3. 14 114
184. = B81,2.4, :0 s : L
368. - B1.2.S. :9 189 e
8. « GAT,3,1,32000, ;10 sFAST CLEAR (1718 OR 1108} B
T 46459. = 80X. 1. 311 380X | =e> PID
o 7643, = AND,2,3.4. 112 3G0OD DEDX .
’ 924. = [0R.6.7.8.9. 313 38IT TEST -
348. = AND,.11.5. :14 P I DYCERENKOV .
46119. « AND,11,-S, 318 1P IDWNOT (CERENKOV)
4999). = 10R.1.-1, 318 ;LO0OPY COUNTER .
43782. = GAT, 141,.99%0, 18140, 21?7 :1A DRFTMA sCHAMBER LOOP 2 o
43821. = GAT, 142,99%0, 10148, ;18 :2A DRFTMA -
43870. = GAT.143,9998. 10148, 119 130 DRFTMR
45889. = GAT.144.999%0, 10140, : 14R DRFTMA
43816. « GAT, 145,.9998, 10140, 21 :SA DRFTMR .
43824. © GAT,146,99908, 18140, 322 - :6A DRFTMA -
44893, = GAT, 149,999, 10140, :23 19A DRFTMR -
45669. =~ GAT,150,9990, 10140, ;24 : 18R DRFTMA
43977, « GAT.201,9990, 10140, : :1C DRFTIC
45989. * GAT,282.9990. 10140, 126 :2C DRFTMC
45968. = GAT,203.999%, 18140, ;27 13C DRFTIC
45955. = GAT,284,9990, 10140, :20 :4C DRFTC
46108, - GAT,205,9990, 10148, :29 :SC DRFTIC
46173, = GAT.206,9990, 10140, ;30 :6C DRFTMC -
46874. = GAT,209.9998. 18140, 331 :9C DRFTIC -
46179. = GAT,210,9998, 18148, 332 :18C DRFNC - -
0. * GAT, 147,9926,9962, 133 17 CHECKSUM (QUAD) :
8. = GAT. 149.9949, 10002, 334 38 CHECKSUM (QUAD) e
4200S. = GAT,272,9990, 10019, 338 :FRONT DRF DIF PLAMNE A AR
43348. = GAT,273.999€, 10015, 136 :FRONT DRF DIF PLANE C e
48349. = GAT,274,9998, 10015, 137 : REAR DRF DIF PLANE A .-
41739, = GAT,275.9990. 10015, :38 : REAR DRF DIF PLANE C -
335%8. = AND,11,35,36,37.38, :39 sDRF DIFF TSTePID =e> DRF ——e
44908, = AND.11.25,26.27.28. s sFRONT ¢ CHAMBERS OK"P1D
44648. = AND,11,17,18.19,20, 41 :FRONT A CHAMBERS OK#P 1D =
45313, « AND,11,29.30,31,32, ;42 sREAR C CHAMBERS OKw»P1D S
43751. = AND.11.21.22,23.24, ;43 ;REAR A CHAMBERS OKwPID T
43530. « AND.48.41. ;44 sFRONT 0K L
42897, = AND, 42,43, ;45 sREAR 0K K
40299 + AND,44.4S, ;46 ;ALL EXCEPT QUAD  @1D =) CHMBRS L
8. = [OR,.33.34, 147 :QURD 0K iy
8. = AND,.46. 47, ;48 sALL 0K .
SM 10 R e e - 49 +OL1 AT 10 CHOMPE® EFCICIENCY TEST
48549, © AND.17.19,20.48.4S. ;%9 sALLBUT 27 e
48536. = AND,.17,10,20,40.4S, ;51 sALLBUT 3A N
40843 - AND,17,10,19,40,4S, 352 ;ALLBUT 4A S
40540. - AND,22,23.24,42.44, 153 $ALLBUT 3A e
48525, = AND,21,23.24,42.44, ;54 :ALLBUT 6R -t
41346. = AND,21.22,24,42.44, ;5% :ALLBUT 9A T
48603, « AND,.21,22.23,42.44, 156 ;ALLBUT 18R S
48529, = AND,26,27.20.41,4S, 114 $ALLBUT IC Lo
48827. = AND,2%,27,20.41,4S, ;%8 ;ALLBUT 2C -
40561, = AND,29,26,20,41,4S, ;%9 ;ALLBUT 3C s
48562, = AND,2S,26,27,41,4S, 168 sALLBUT 4C
48519, < AND,38.31,32,43,44, ;61 sALLBUT SC
48468. = AND,29,31,32.43.44, :62 :ALLBUT 6C
48837, = AND.29,308.32.43.44, ;63 ;ALLBUT 9C
484%8. = AND.29,30.31.43.44, 164 $ALLBUT 18C

Fig. II-7: Sample test file,
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GAT,233,9354. 10718,
GAT,.234.8700. 11200,
GAT,233.9630. 10400,
GAT,236.9300. 10600,
GAT,237.9900. 10100,
GAT.230.9900. 10100,
GAT, 163.9998. 114008,
GAT, 166.9998. 11400,
GAT,221,9093, 10748,
GAT,222.9137, 10951,
GAT,223.9649. 10581,
GAT,224.9660. 10401,
0%, 2,

80x. 3,

00X, 4,

1GAT.6.

IGAT 1,

1GRT. 2,

1GAT. 3.

1GAT. 4.

1GAT.S.
AND,39.46.73.74,75.76.
AND,39,46.69.78,00,
AND,39,.46.47,

AND, 71,72,
AND.39.46.65.66.67.68.
AND. 39.46.69.70.
AND, 39.46.

AND, 98,91,

AND, 88,92,
AND.B8.93.

AND. 47.94,
GAT,236,9739,9913.
GAT,236.9913, 18687,
GAT.236, 10087, 18261,
81.2.8.
GATE.1.1.~1,

GATE. 1. 1.-1,
GAT.1.1.-1.

GRT.1.1.-1,
GAT.1,1.-!}
AND,93.-108.
AND,.93.89,
AND,93.-100.89.
AND,93.-108.
AND, 95, 108,
AND, 108.-18.
AND, 108, 10.
AND, 111,97,
AND. 111,98,
AND, 111,99,
AND, 108,77,
AND, 186,78,
AND, 188,79,
AND,39,46.89,
AND, 93, 180.
AND, 1.-1,
AND, 1,~1,
AND.1.-1.
AND, 1.-1,
AND, 1.-1.
AND, 981,46
I0R. 1.-1,

(cont.)
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s XTGT

s THTTGT
SYTGT
sPHITGT
3 THTCHK
sPHICHK
sFLRL CUT

sFLR2 CuT

:XFRONT PHRSE SPACE CUTS

:THETA FRONT

:Y FRONT

:PHI FRONT

;80X 2

;80X 3

:80% 4

3GATE 6 ==> ELASTIC PEAK

:ROD 1

:ROD 2 OR CTOF PIONS

sROD 3 OR CTOF MUONS

:ROD 4

:ROD S

sPHASE SPACE CUTS-FRONT

s THETRCHECK»PH I CHECK*DRFsGATEG

:GOOD CHMBRS. GURD OX

:FLANGE CUTS

sTARGET TESTSaGOOD CHMBRS e=> (TGN
sTHTCHK AND PHICHK®GOOD CHMBRS==>(ANG CHK)
:DRF*CHKSUM e=)> (GOOD CHMBRS)

;TGT#ANG CHK =e)> (GOOD EVENT)

:ELASTIC, GOOD CHMBRS

sELRSTIC, GOOD EVENT

sELASTIC. GOOD EVENT, OURD

:BACKGROUND REJECTION LOOP 3

: 8.8 DEG
: 1.8 DEG

:SPARE
:SPARE
:SPARE

:SPARE

;SPARE

:GOOD EVENT.PION

3GO0D EVENT,FLANGE
:GOOD EVENT,FLANGE.PION==>(PION EVENT)
;GOOD EVENT GARRBAGE
sELASTIC.PION EVENT
;PION EVENT -1/10

;PION EVENT /18

:PION EVENT.-1-/18.-1DEG
;PION EVENT -1/18 ODEG
;PION EVENT -1/186 +1DEG
;PION EVENT AND BOX2
;PION EVENT AND BOX3
;PION EVENT AND BOX4
:GOOD CHMBRS.FLSNGE

s MUON

:SPARE

:SPARE

3 SPARE

:SPARE

:SPARE

:GRTE FOR CH CAL

:LOOP 4 COUNTER (WHOOPEE WERE DONE)
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11-7). The PID box consists of two indirect gates, one on the mean
energy loss in scintillators S2 and S3, and one on the time of flight
between S2 and S3. The PID test eliminates protons but not muons, The ::;;
PID test constitutes the first loop of the test file.

If an event passes the PID test, the analyzer proceeds to
calculate the positions in the front and rear multiwire proportional
drift chambers from the time difference and time sum of the chamber
signals, At this point, a number of chamber tests are performed (second

loop of the test file). The tests consist of drift-time tests and drift-

difference tests, The drift-time tests are gates (100 ns) on the drift

- .., 0o
e

times from the eight front and eight rear chamber planes (see test #’s

¢ r-r vy vy ' mmy - 7 .y vY-EEy T vTTTYT”T T'TYTTTTEE " YUY R Y W
-

17-32 in Fig. II-7). The drift-time tests eliminate events which did not i jf5
produce signals 1in one or more chamber planes, The drift-difference “
tests are applied to groups of four chamber planes, the front x planes,
the front y planes, the rear x planes, and the rear y planes, These
tests compare the positions calculated for the four chamber planes to a
straight line trajectory, From this comparison, the drift-difference
E tests eliminate events for which two particles passed through the

chambers simultaneously and pion events which created knock-on electrons

with the group of four chamber planes, At this stage, an event has

passed the PID test and chamber tests, and the analyzer has computed Xes

Yf’ ef! ¢f| xrl yr’ erl ¢r'

The next step is the calculation of the quantities xth' Yege»

the incident momentum, the scattered momentum, and the

Oeger Pegee

scattering angle, The quantities at the scattering target are calculated

using the measured positions and angles at the front chambers in
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conjunction with the transport matrix of the spectrometer quadrupoles,

To first order 2:
Zinid

).
xcgt = -xf . (II'I) l
.;:;
However, due to abberations in the quadrupole fields, within the analyzer -

]
1
*tgt’ ytgt’ etgt. and ¢tgt are calculated as polynomials of up to fourth ;
order in the front chamber positions and angles [Bo-79]. From Xeges One j'_"}
can obtain the incident momentum. -?‘:4
| 4

Xege = DC-Gc . (11-2)

where D, is the dispersion of the channel (10 cm/X) and &, is the percent
difference between the incident momentum for the event (Pi(event)) and
the central momentum of the channel (Pc, determined from the channel

magnetic field settings).

- Pi(event) - Pc

[ Pc *

(1I-3)

The scattered momentum is determined, to first order, from the relation

xr - -xf + DSP'GSP N (II"‘)

where Dgg is the dispersion of the spectrometer (4 cm/%) and Gsp is the

percent difference between the scattered wmomentum of the event
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(Pf(event)) and the central momentum of the spectrometer (Psp' determined

from the spectrometer magnetic field settings),

4
Pg(event) - P 4
§ = — sp ' - .
sp 5 . (1I-5) :
sp .
o]
After calculating the above quantities, the analyzer calls b
CALKIN, a subroutine to compute the missing mass of the event, Missing ':; 1
. . 4
mass 1is the difference between the mass of the recoil nucleus and the -f{?l
. i
mass of the nucleus before the collision (i.,e,, the excitation energy | N

given to the nucleus), Thus,

Q = [(E;(event) - Eg(event) + )2 - P2]1/2 -y , (11-6)

where Q is the missing mass, M is the ground state mass of the target
nucleus, P is the recoil momentum of the target nucleus, and Ei(evenc)
(Eg(event)) is the total energy of the incident (outgoing) event.

The final step of the analyzer is background rejection tests and
passing the binned data to DSP for use in background rejection histograms
and missing mass histograms. Four of the background rejection tests are
gates on the calculated quantities xtgt’ Yege etgt, and ‘tgt‘
Histograms of these quantities aid in determining the lower and upper
limits of fhe gates, Other background rejection tests include gates on
the calculated quantities echeck and ®check® ]

Kk and ¢ k are the

chec chec

difference between the angles measured at the front chambers and the

angles calculated at the front focal plane from the information measured
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at the rear chambers, Once again, histograms of echeck and $check help
to set the gate limits. The echeck and bcheck tests eliminate ~ 99% of
the muons resulting from the decay of pions after the front chambers.
However, these tests will not eliminate muons due to pion decay before
the front chambers or elastically scattered channel beam muons, The muon
rejector (muon rejection test #100 in Fig., II-7) is used to eliminate
= 96X of these muons, The missing mass histograms consist of the good
pion events (test #108), the good events (test #93), and the one out of
10 or 100 fast cleared good pion events (test #112)., The fast cleared
missing mass histogram is used to monitor the fast clear system in order

to prevent rejection of events from excited states,
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III. DATA REDUCTION AND RESULTS

A, Missing mass histograms and targets

Pion elastic and inelastic scattering cross sections are
calculated from the peak areas (counts) extracted from the missing mass
histograms of good pion events, These histograms contain only those .j
events which have passed test #108 of the test file (see Fig. 1I-7). ii”sq
Thus, the good pion events have passed the particle identification tests, |
the chamber tests, and the background rejection tests. Each missing mass »
histogram contains good pion events for the full angular acceptance of
t ~l.5°, where ©

the spectrometer, 0 is the scattering angle

spect spect

for which the spectrometer has been set. Fig. III-1 shows a missing mass —t
histogram for SLi(x* n*-) using a 205 mg/cm?, 20 cm x 10 cm sheet of

enriched lithium metal (> 98% SLi) for T, = 140 MeV and 8, , = 26°,

Although the experimental resolution was not the best for the 205 mg/cm2
target (240 keV full width at half maximum (FWHM)), the 0%, T=I,
3.563-MeV level 1is clearly resolved from the broad 2+, T=0, 4.25-MeV ;:éi
level and the large background due to the continuum of final states in .
the alpha-deuteron breakup of 6Li, Also clearly evident in the Q-value
spectrum is the 3+, T=0, 2.185-MeV level. There is no indication of the
2+, T=]l, 5.37-MeV or l+, T=0, 5.65-MeV levels. (The 5.65-MeV level has
never been observed in electron scattering (Be-82].) The discontinuity in
the Q-value spectrum between the ground state and 2.185-MeV state is an

artifact of the fast clear system used to veto 99 out of 100 events with
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energy~-loss spectrum taken at T, = 140 MeV and

e;,b = 26° for which the fast clear system was used. The insert is the
1T energy~loss spectrum without the use of the fast clear system.
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a Q value below = 1,2 MeV, The insert of Fig, III-1 shows the same
missing mass histogram acquired without the use of the fast clear system
and for a shorter period of data acquisition.

Four separate targets consisting of sheets of enriched lithium
metal (> 987 ©Li) fabricated by the Oak Ridge National Laboratory were
used during the experiment, Two of the targets, with dimensions of 22.9
cm x 15.2 cm and areal densities of 202 mg/cm? and 100 mg/cm?, were used
for approximately one-half of the total data acquisition and contained no
discernible contamination. The remaining two targets, with dimensions of
20 cm x 10 cm and areal densities of 205 mg/cm? and 95 mg/cm?, were
contaminated by exposure to the air during shipping. (Further
contamination was prevented by handling the targets in a sealed glove bag
filled with argon. Also, when not in use, the targets were stored in an
evacuated canister.) Since lithium metal exposed to the air will form the
compounds lithium hydroxide (LiOH) and lithium nitride (L;aN), possible
contaminants were oxygen, nitrogen, and hydrogen. The areal densities
for the 20 cm x 10 cm targets include corrections for these contaminants,
as described in Sec. III-B,

Full-size targets for the target ladder are 22,9 cm x 15,2 cm,
Two of the targets (20 cm x 10 cm) were not full-size targets and care
was taken to ensure proper normalization of the cross sections. The CH,
targets used for absolute normalization (see Sec. IIT-C) were of the same
dimensions as the S5Li targets, and both the 6Li and CH, targets were
mounted in the target ladder in the same configuration., Furthermore, due
to possible misalignment of the targets in the target ladder and the

variation of the target area 1intercepted by the channel beam as
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cos (9 is the angle between a perpendicular plane to the

target) (etarget

beam and the plane of the target), 6 was set to bisect the central

target
angle of the angular distributions acquired with the 20 cm x 10 cm

: .‘—-’-11"j e
L .

targets. For example, at T = 120 MeV the thick and thin 20 cm x 10 cm

targets were used for 8., = 21° to 42°, Thus, was set to 16°

Otarget
i: (bisects the central angle of 32°) for each 81ab° Such a procedure
eliminated possible errors which could result from differing target areas

intercepted by the beam as the target angle varied. Also, the central

T rrve

angle of the angular distribution was chosen to minimize straggling for
the set of angles. For the two full-size targets, the target area was
much greater than the channel beam area and the above precautions were

not needed.

B. Extraction of peak areas

Peak areas for the elastic peak of Li, the first three excited
states of SLi, and the elastic peaks of the contaminants were extracted
from the 6Li(n"',n"") Q-value spectra using a lineshape oriented fitting
program LOAF [Sm-78). LOAF allows simultaneous fitting of a maximum of
ten peaks, each with a separate lineshape. The peaks can be fit as
"free" peaks (centroid of each peak is allowed to move independently) or
as "delta" peaks (centroids of a group of peaks are constrained to have
fixed separations but the position of the group of peaks may vary).
Lineshapes are taken from a user-specified peak 1in the spectrum to be
fitted. LOAF automatically determines the background as a polynomial of

order zero to ten (the polynomial order is specififed by the user) from
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the displayed region of the histogram, or the user may fix the background
by specifying a number of background points which LOAF then fits with a
spline curve. For a displayed region of a Q-value spectrum, LOAF
determines the best fit background and then subtracts this best fit back-
ground from the spectrum. The remaining spectrum is assumed to be peaks
and i{s fitted with the user-specified lineshapes, where only the area and
centroid of each peak are variable parameters. A disadvantage of this
peak fitting procedure 1is that uncertainties for peak areas extracted
from peaks strongly correlated with the background may be underestimated.
Due to the relative ease of use and constant user interaction with the
program LOAF, LOAF was used for the extraction of all peak areas, even
though the weakly excited 3.563-MeV state lies on top of a large
continuum background. However, to ensure that LOAF provided realistic
uncertainties for the peak areas, one spectrum at each incident pion
energy was fitted with another peak fitting routine [B1-84]. This
alternate fitting program optimizes the background polynomial and peak
parameters sSimultaneously; thus, the peak area errors contain any
correlations between the background and peak parameters. Both fitting
programs returned consistent peak areas and errors.

Due to the differences in recoll energies of different nuclei,
contaminants 1in the ©Li targets appear as separate peaks in the
SLI(W+,N+') Q-value spectra. The centroids of these peaks allow
determination of the types of contaminants, whereas the areas determine
the quantity and thus the correct 5Li target areal density. As a result
of its light mass, the hydrogen contamination was easy to calculate., For

both the thick and thin 20 ce¢m x 10 cm targets, the hydrogen peak was

.
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fitted for all spectra where it was clearly resolvable from the 6Li

inelastic peaks. These hydrogen peak areas were used in conjunction with

+

the 77 4+ p cross sections generated by the computer program CROSS

[Bu-n.d.] to calculate an average target areal density due to hydrogen.
The result was < 1% (by areal density) hydrogen contamination for the ;Gfig
thick 20 cm x 10 cm target and = 5% for the thin 20 cm x 10 cm target. :.fi}
The elastic peaks of 160 and !“N were not separable within the elastic

impurity peak appearing at the low excitation energy side of the SLi

R

Oy e

elastic peak (see Fig, I11I-1), However, since in some Q-value spectra

the 6.13- and 6.92-MeV states of 150 but no inelastic peaks of l“N were fA'f;
observed, the heavy elastic impurity peak was assumed to be 160, With ‘i';%
this assumption, the extracted yields for the heavy impurity elastic peak ;;:;:

resulted in smooth 120- and 180-MeV angular distributions whose shapes

were in rough agreement with predicted =t + 160 angular distributions.

As for hydrogen, the 160 elastic peak areas were used in conjunction with g
theoretical n* + 160 cross sections (tested against the data of [Ho~80)) R
to calculate an average target areal density due to oxygen. The 160
target areal density and the hydrogen target areal density resulted 1in
total impurities of 2.3X and 187 for the thick and thin 20 cm x 10 cm !." ‘

targets, Similar calculations assuming the heavy elastic impurity peak
to be all nitrogen resulted in the same amount of total impurities to
within ¢ 10X, 1In addition, a small amount of nitrogen contamination
would negligibly affect the SLi inelastic cross sections (< 1%) since all

the (w+,n+') cross sections of 1N are a factor of 100 to 1000 less than

the elastic cross sections [Ge-~83]. As a further check on the

contaminant corrvection to the 5Li target areal density, the differential
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cross sections for the elastic scattering from SLi extracted from the
contaminated and uncontaminated targets &. the same incident pion energy
and scattering angle were compared and found to agree within 2%, Fig.
III-2 shows the fits from the program LOAF for two spectra acquired at
T" = 120 MeV and 81ab = 279, one with the contaminated thin 20 cm x 10 cm
target and the other with the thin 22,9 cm x 15,2 cm target, Due to the
large amount of contamination in the thin 20 cm x 10 cm target
(particularly, the broad hydrogen peak), this target was used only for
the elastic and 2.185-MeV states of 6Li at T, = 120 MeV and 81ap = 21°%
279, 29°, and 32°, where the oxygen elastic was clearly resolved from the
611 elastic and the oxygen 1inelastics and hydrogen elastic appeared at
2.77 MeV and above in the Q-value spectra. No ’Li impurity was observed
in the spectra for any of the four targets.

To determine the areas for the elastic peak of 6Li and the 3%
peak, the Q-value spectra acquired without the fast clear system were
fitted in the region between -1.5 MeV and 3.0 MeV with a first-order
polynomial background and two peaks constrained to be at 0.0 and 2.185
MeV {Aj-84) (see Fig. I1II-2), Both the elastic and 3t peaks were fitted
at each incident pion energy with their own lineshapes. To obtain areas
for the 0% and 2% peaks, the Q-value spectra acquired with the fast clear
system were fitted in the region bdetween 1.4 MeV and 6.0 MeV with a
third-order polynomial background and three peaks constrained to be at
2,185 Mev, 3,563 MeV [Aj-84], and 4,25 MeV., The lineshapes used for the
2.185- and 3.563-MeV peaks were extracted from the 3% in spectra acquired

without the use of the fast clear system. Lineshapes were determined at

each incident pion energy because the resolution varied with energy from
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Fig. III-2: «t energy-loss spectra taken at T, = 120 MeV and elab = 279, N

The top spectrum is from the contaminated 95 mg/cm?, 20 cm x 10 cm
target, The bottom spectrum 13 from the 100 mg/cm?, 22.9 cm x 15.2 cm
target, LOAF was used to fit the spectra.
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200 keV (220 kev) FWHM at T, = 100 MeV to 260 keV (260 keV) FWHM at

T, = 260 MeV for the thin (thick) targets. The lineshape used for the 2% \.;
state was coanstructed by folding the instrumental lineshape taken from fiii
the 3% with a Lorentzian of 680 keV FWHM, Both the position and natural ' 'i
width of the 2+ level, 4.25 £ 0,02 MeV and 680 t 20 keV, were determined
from fits to several spectra where this state was predominant, Previous ;A;;
determinations from other experiments are 4.27 + 0.04 MeV and 690 £ 120 5j{;
keV (5Li(e,e’)) [E1-69], 4.29 £ 0.02 MeV and 850 £ 50 keV (%Be(p,a)) 4 
(De=83], 4.30 t 0.1 MeV and 480 t 80 keV (%Be(p,a)) [De-83], and S
4,3 + 0.1 MeV and 600 + 100 keV (/Li(3He,a)) [Sc-75]. Fig. III-3 shows E;};
the fits to several spectra taken at different incident pion energies and ;E;;
scattering angles, ii:é
The consistency of the fits to the various Q-value spectra was L. <

checked by extracting areas for 100 keV wide segments of background

(automatically determined by the program LOAF) centered about 3,563 and

4,25 MeV, Plots of the background yields for both the 3.563- and | N
4,25-MeV segments result in smooth and continuous angular distributions
at T, = 120 and 180 MeV (see Figs, III-4 and III-5). Also, the back-
ground ylelds versus incident pion energy are smooth and coantinually
increasing (see Figs. III-6 and III-7). Therefore, there is indication

that the extraction of the peak areas from the large continuum background

is congistent for different incident pion energies and scattering angles. ;
However, this background check does not eliminate the possibility of an
overall underestimation or overestimation of the background underneath

the 3.563- and 4,25-MeV peaks.
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(1) T4 =120 MeV, 6 ap =29°-
(2) .Tar =180 MeV, 6;L1“3=‘2K)°"
(3) Ty =260MeV, 6, 4g=17°

3563 4.25
. (3)

Counts 7 (20 keV Bin)

Excitation Energy (MeV) ’

Fig., III-3: »t energy-loss spectra and fits using the computer program

LOAF.
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Fig, TIII-4: Angular distributions for 100 keV wide segments of
background centered about 3,563 MeV.
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Fig. III-6: Background yields versus incident pion energy for 100 keV
wide segments of background centered about 3,563 MeV. The data points
corregpond to a constant momentum transfer q = 109 MeV/c. l_.




he Gl Nl SR SR ids she o — T W

v EE T Y T Y

- W W e

ri"-".-',-*:-"' RIRCISC AR AT Arie e - o T Y T T Ty —— - - = - - - ——— S—

50

3 Wt ol
. . ' 4w s

2

425 MeV Background
" (100 keV Wide Segments)

Yield (Arbitrary Units)
.l1ll|
o
[ |

10 | ] N ] | g
90 120 150 180 210 240 270 =
T" (MeV) '*

Fig, II1I-7: Background yields versus {incident pion energy for 100 keV
wide segments of background centered about 4,25 MeV, The data points AR
correspond to a constant momentum transfer q = 109 MeV/c. (.

...........................




- 0§ AN e e e o« J W W St vV

XS

O Kk

51

C. Cross section computation and errors

The differential scattering cross sectfon in the center-of-mass

system 1s given by

do - dnide
da Fdenag

(III-1)
where dlldt is the number of plons scattered at an angle 6 into the solid
angle d@ in the time interval dt, Fdt is the number of pions crossing a
unit area perpendicular to the channel beam in the time interval dt, N is
the number of independent scattering centers in the target which are
intercepted by the beam, and G 1s the Jacobian of the transformation from
the laboratory to the center-of-mass system. dlldt is given by the
extracted peak area from a Q-value spectrum corrected for the

inefficiences of the EPICS data acquisition system.

didt = (Peak Area)eCF , (11I-2a)

where

1 1 1 1

CF = —— x x X o X _L.x 1

——— . III-2b
CLT DREFF CHEFF LE SF  SACORR ( )

CLT is the computer live time as discussed in Sec., 11-C. DREFF is the
drift efficfency of the multiwire proportional drift chambers and

corrects for those events producing signals in all chamber planes but not
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b,
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passing the drift-difference tests. CHEFF is the chamber efficiency and

is the product of the sixteen individual chamber efficiencies, each given 3»?3

by i
’

All Chambers OK S

FP, = — . - R

CHEFFy Al1l Chambers but 1 OK (111-3) AN

oo

LI

LE is the fraction of analyzed events, For on-line data acquisition in
the MAY PROCESS mode, LE < 1,0, However, all data tapes are replayed in

the MUST PROCESS mode so that LE = 1,0 provided there are no input/output

tape errors. SF corrects for the plons that decay after the scattering

target and before scintillator S3.

SF = exp(-t/t’) , {(I11-4a)
where
Y
t = Lo . (111-4b)
Py
LA & (III-4c)

py is the relativistic momentum of the pion, m, is the rest mass of the

pion, t_ 18 the mean lifetime of the pion, y = 1/(1-v2/c2)1/2, and L is

]
the path length from the scattering target to S3 which is corrected to
first order 1in Gsp for varying path lengths, L = (12,28 =~ O.OSS-GSP)

meters, SACORR 1s a correction factor for the variation of the

spectrometer’s solid angle as a function of ssp' This correction factor
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is determined by measuring the yield of a state (usually an elastic peak)

sp
settings. For all of the experimental runs, the spectrometer quadrupole jjfﬂ

for =-6% < ssp <6%. § is varied by varying the spectrometer field

and dipole magnetic fields were set to values such that pions exciting

the 3,563-MeV level had the same 58?’ where Gsp was chosen to correspond

to the flat region of the spectrometer”s solid angle variation versus Gsp

t: curve (acceptance curve). This procedure minimized solid angle

.

correction errors, Fdt is given by the relation

Monitor+cos(® )& ]
Fdt = - target , (111-5) -

where Monitor indicates the number of scaled ICl, BOT, or 1ACMO2 pulses, A
°°3(etatget) corrects for the scattering target not being perpendicular ..
to the channel beam, a is the target area intercepted by the beam, and &
is a proportionality factor since the beam monitors are only relative

monitors of the pion curreant, Lastly,

N = asned , (I11-6a) i

]
e

el e

e v
P

q
A

tﬁ with a the target area intercepted by the beam, d the target thickness, SRS
Eﬁ and n the number of scattering centers per unit volume, .f:
2 ok
- T
D R
- Nye - .
g n= . (I1I~6b) o]
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&

‘ - as 2o

{ N, 1is Avagadro”s nuaber, o is the target density, and A is the mass of '

-

5 the target in grams/mole. Combining Eqs. (III-1 to III-6),

h do _ Ge(Peak Area) *NORM-A (11I-7)

‘ a’” N,careal density*£-dd ’

* where NORM = CF/(HonitOt-cos(Statget)) and the areal density 1is de<p. ; ;:

b

Since neither £ nor dQ are known, the normal procedure 1is to determine :L;j

¢ the absolute magnitude of the differential scattering cross section by

E measuring a known differential scattering cross section., Thus, for each

+

incident pion energy, spectra were accumulated for ® + p scattering with

CH2 targets of the same dimensions as the °Li targets., Using the

Coulomb-corrected phase-shift predictions from the computer code CROSS
(Bu-n.d.], which uses the phase shifts of Rowe, Salomon, and Landau

[Ro-78], to determine do/dﬂu, from Eq. (III-7)

Gy *(Peak Area)y *NORMy *Ay L
N,*(areal density)CH2°do/dQH X

EdQ = (II1-8)

where the 14/2 corrects for one mole of CH, containing two grams of v
hydrogen and twelve grams of carbon. Inserting Eq. (III-8) into Eq.

(I11-7) yields the expression for the absolute differential scattering

cross section

aa/L1 (Peak Ateaiﬂ (NORM)
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- d
(areal density) -
"2 (o g x 2. (I11-9) o
(areal density)sm ds 14 S
:..:.‘."
.
Eqe. (I1I-9) reveals the possible sources of error in the b
differential scattering cross sections. The error bars presented in the B 1
figures and table are errors due only to the statistical and fitting - .4
errors in the extracted peak areas estimated by the computer program 1
"
LOAF, Additional total uncertainties are estimated to be = t 7% due to - 9
uncertainties of * 3% in chamber efficiencies, * 3X in pion survival .‘4
fraction (from the path length corrections), *¥ 22 in the spectrometer”s .
solid angle variation with momentum in the spectrometer (probably over- '-. '
estimated since the pion events of the elastic and inelastic peaks in the :
S
611 Q-value spectra had Gsp’s corresponding to the flat region of the - 4
spectrometer”s acceptance curve), * 3% in channel beam monitoring, and :{:f-';,
+ 3% in the normalization to 1t elastic scattering from hydrogen, :hiff
Furthermore, the data for the 3,563~ and 4,25-MeV states conatain j'j
- systematic errors of * 15% and £ 10%, respectively, due to the
'_f uncertainty 1 the fitting of the large continuum background and the ';
3 .
P uncertainty in the position and width of the 2% state. These systematic
t errors were inferred from the fitting program LOAF by varying the order :: ;:::
L:" ‘.-_._:;.'
;.: of the polynomial fit to the background, and by varying the position and - '_-5?
- i _.:\
L width of the 2% state from 4.23 to 4,27 MeV and 660 to 700 keV, e
-9
:.' - .
9 :
.
.
-
9
-
- RO
3 R &
-
O
i R
g I
g ‘
e e T e e e e S e U T L S s




56

D. Data

The data are presented in Tables A-1 through A~-4 in Appendix A
and in Figs., III-8 through III-15., For all figures, the results of » ..

multiple measurements at a given plon energy and scattering angle are

T

]
Py ST

plotted as a single data point which is the weighted average of the

multiple measurements, The incident pion energies and scattering angles I
{ at which the data were acquired are the result of the main goal of the ;-;
E experiment-~the measurement of a detailed constant-q excitation function .731
h for nt inelastic scattering to the 3.563-MeV state of SLi. The incident iA'fj

pion energies range from 100 MeV to 260 MeV, thus covering the lower ¥Ll;

energy region through the upper energy region of the A(1232) resonance, ;i ?

T, = 100 MeV is also the lowest pion energy normally used for most L
experiments at EPICS due to the decreased incident pion flux, decreased :
pion survival fraction in the spectrometer and experimental time
limications. T = 260 MeV is also not the highest usable pion energy,
but higher energies were not feasible for this experiment because of the
rapidly decreasing scattering cross section for the 3,563-MeV state at
T, » 230 MeV., Except for T, = 120 and 180 MeV, there are data at only
one scattering angle for each incident pion energy. The scattering

angles correspond to a constant momentum transfer of q = 109 MeV/c, with

an error in q of < 7%, This momentum transfer was determined during on-

; line data acquisition from the apparent maximum of the angular
distribution at T = 120 MeV for " fnelastic scattering to the 3.563~MeV
level, However, after subsequent off-line data analysis, the maximum of

the 120 MeV angular distribution occurs at elab = 279 (the midpoint of

- Tt . - -
N e e e N e e et e e et e e e e e e . e
R T M I i T T I e I N M S T T L R AR SRR i SRS P
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the three highest data points in Fig, I1I-14), yielding a q = 101 MeV/c.
No corrections have been made to the data for the variations in q. Such
corrections result in small changes in the differential scattering cross
sections for the 3,563-MeV state, but not for the elastic and 2,185- and
4,25-MeV states (discussed below). T_ = 120 and 180 MeV were chosen as
the incident pion energies for the partial angular distributions in order
to have angular distributions off and on the peak of the 4(1232)
resonance,

Fig., I1I1-8 shows the differential cross sections for ** elastic

scattering from °©L1i at T_ = 120 and 180 MeV. Fig, III-9 shows

|
differential cross sections for 100 < T, € 260 MeV and q = 109 MeV/c,
The excitation function continually increases with increasing incident
plon energy, a characteristic feature for elastic scattering of a
strongly absorbed probe [Bl-66]. The dip in the data curve at T, = 180
MeV is partially a result of the momentum transfer being approximately 5%

too high (q = 114 MeV/c). Extrapolation to q = 109 MeV/c moves the

T, = 180 MeV data point from 80 mb/sr to 90 mb/sr.

* fnelastic scattering to

The differential cross sections for =
the 3%, T=0, 2.185-MeV level at T, = 120 and 180 MeV are shown in Fig.
I11-10, Within the angular range measured, the angular distributions
have the shape expected for a strong transition in the lp shell in which
the dominant transition amplitude is for J=2, L=2, S=0 (J is the total
angular momentum transfer, L is the orbital angular momentum transfer,
and S is the spin angular momentum transfer) (Le-80], Fig. ILI-il

presents the differential cross sections for 100 < T, € 260 MeV and

q = 109 MeV/c. The excitation function continually increases with
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Fig. 1II-10: Angular distributions for »t fnelastic scattering
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Fig. III-11: Differential cross sections for at tnelastic scattering to
the 3+, T=0, 2,185-MeV state of 5Li at a constant q = 109 MeV/c.
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increasing incident pion energy as expected for this natural-parity,
4S=0, transition (see Chap. 1).

Fig. 1I1I-12 snows the differential cross sections for xt
inelastic scattering to the 2%, T=0, 4,25-MeV level at T, = 120 and 180
MeV., The shape of the angular distributions are the same as for the
inelastic transition to the 2,185-MeV state, consistent with the
predictions of Lee and Kurath {Le-80]. This is also consistent with the
electron scattering form factors for both natural-parity transitions to
the 2,185- and 4.25-MeV levels, The form factors have the same
dependences on the momentum transfer [Be-63]., Fig. III-13 presents the
excitation function taken at q = 109 MeV/c, As for the 2,185-MeV state,
the energy dependence 18 an increasing function of the incident pion

energy. The fluctuations in the data curve are partially the result of

variations in q. For example, the T, = 180 MeV data point corresponds to
q = 113 MeV/c. Extrapolation to q = 109 MeV/c moves the data point from

0.7 mb/sr to 0.6 mb/sr. Also, the fluctuations are not as great as they

appear in Fig., I1II-13 when one accounts for the uncertainties discussed

in Sec, ILI~C.

The differential cross sections for 7% inelastic scattering to =
the 0+, T=1, 3.,563-MeV state are presented in Figs,., III-14 and III-15.
The 120-MeV angular distribution peaks at an angle (Oc.m. = 28°) smaller
than the peaks (ec.m. » 45°) of the 120-MeV angular distributions for the
2.185~- and 4,25-MeV states., Such a result is expected for this J=l, L=0,
S=1 transition [Le-80]. The excitation function increases from T, = 100
to 190 MeV and then decreases, A direct comparison to the excitation

4
function for 7~ inelastic scattering to the 15.11-MeV state of !2C or to

2 L
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Fig, II1I-13: Differentfal cross sections for st tnelastic scattering to
the 2+, T=0, 4.25-MeV state of SLi at q = 109 MeV/c.
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Fig. III-14: Angular distributions for #t 1inelastic scattering to the
0%, T=1, 3.563-MeV state of L1 for T, = 120 and 180 MeV.
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8in20 (see Chap. 1) is not meaningful because of distortion effects of

the- incident pton wave function, PFurther discussion of the excitation

function is given in Chap. V.,
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IV. THEORY

™7

A proper understanding of pion-nucleus (mA) scattering data would

T
-,
‘

require theoretical methods incorporating relativistic scattering

3 techniques, since nA interactions 1involve both the absorption and ;?fﬁ
production of pions. However, at present, there are almost no systematic .
relativistic theories available. The best theoretical tool is the non- L
relativigtic multiple-scattering formalism develr.ed by Watson and others

in the 1950’s {Fr-53,Fr-56,Wa-57,Wa-58], along with corrections for

relativistic kinematics. The nonrelativistic multiple~scattering L:A

formalism leads quite clearly to the lowest-order result for the optical

A ARERED g AT
]
?
i
CTON |

potential for nA elastic scattering and the transition amplitude for nA

inelastic scattering. (An optical potential is a potential involving the
projectile (pion) variables only and, when used in a one-particle ;';Q

Schr&dinger equation for the projectile (Klein-Gordon equation for the

pion), yields the solution to the multiple-scattering problem for
projectile-nucleus (nA) elastic scattering.) The lowest-order results for

the optical potential and transition amplitude involve the basic pion-

nucleon (#N) T matrix and the nuclear ground state and transition
densities, respectively, and have been successful as lowest-order

approximations to the physics of wA elastic and inelastic scattering in

the medium-energy range (100 < TTr < 300 MeV).
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A. Nonrelativistic multiple-scattering formalism

For a pion incident on a nucleus of A nucleons, the Hamiltonian

is e
+ > + + R
Ho= Hy(T),Fp, 00, T05T) + V(T ,T,, 00,0 50) , (1v-1a) T
SR
LI
with . ‘
H r > 2 5, ve ol o
o HN(rl'tZ’ ’rA) + K«"(l' ' = 1-1v1(r'r1) . (IV~-1b) ;.' J

Hy is the nuclear Hamiltonian for A nucleons including the nuclear recoil

(spin and isospin degrees of freedom are not shown explicitly), K, is the
kinetic energy operator for the pion, and vy is the potential interaction
operator between the pion and the ith nucleon. The variables ;1""';A

refer to the nucleon coordinates and r refers to the pion coordinate.

The Lippmann-Schwinger equation for the ®A transition operator ,T, is
b+ b s
T=V + VGOT = 1-1v1 + 1,1viGoT R (IV~-2a) ’i;f;j
where
1 +
G, = n+0 , (1v-2b)
© E~Hy - Ky + 1n
i
G, is the free Green”s operator of the Hamiltonian H, and E is the o]
RO
collision energy in the wA center~of-mass system, .~ ]
;'.::jf-:‘l
S
e T e o S e
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[ .
t; z i
- o
> A
[ E=(k2+ u%)”z + (k2 + M2)l/2 gguel | (1v-3) -]
- ]
{o is the pion-nucleus relative momentum, M is the mass of the nucleus -
(M = Am), m, is the pion mass, and Eg“CI is the nuclear ground state ]
energy (taken to be zero, see Eq. (IV-21)), T as defined in Eq. (IV-2)
is a wmany-body operator involving both nucleon coordinates and pion -
L
coordinates, Since the free 7N T matrix is well parameterized from -
experimental data (see Chap. I), the objective of multiple-scattering
theory is to express the 7A T matrix in terms of the free N T matrix. ;f;
This objective 1is accomplished by first rewriting Eq. (IV-2) in a form i
which allows the exact summing of all the pion rescatterings from a given
nucleon within the nucleus [Ei-80]-- -
A ';;:-5;::
T=LT, (1v-4a) i

with T1 defined as

Ty 2 vy + vyGT . (IV-4b) L

Using Eq. (IV-4a) in Eq. (IV-4b),

A
Ti = Vi + V1G° L Tj . (IV-S)

i=1

Subtract from both sides of Eq. (IV-5) the quantity v,G T, thus

obtaining
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(1 = v4G,)Ty = vy + vicojgirj . (1V-6)
Dividing both sides of Eq. (IV-6) by (1l - vico) and defining
1 2 (1 - vy6) vy, (Iv-7)
Eq. (IV~6) becomes
(1v-8)

Ti =T+ tic°j£1T1 .

Substituting this result into Eq. (IV-4a), the Lippman-Schwinger equation

for the mA transition operator is

A A
T= L 1,+ LG . LT, . (1Iv=-9)
t=1 17 gay 17044473

Iterating Eq. (IV-9) yields the Watson series for the mA (more generally,

projectile~nucleus) transition operator--

A A A
T= [ T+ L rlcojiirj + I 4G, T + 00 . (IV-10)

LI 1.6, ¢
1=} i=] i=] j#1 d Ok#y

Eq. (IV~-10) is a general result for any form of the Green”s operator »Gg»
and can be applied to 1inelastic as well as to elastic scattering
processes., The physics of Eq. (IV-10) is clear after interpretation of
the t“s. Multiplying by (1l - vico) and adding viG,Ty to both sides of

Eq. (IV-7) gives

Ty =Vt “1°o‘1 o (IvV-11)
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Eq. (IV-11) is the Lippmann-Schwinger equation for the scattering of a
pion from a nucleon which is in interaction with the other A-l1 nucleons
of the nucleus., Tt is a complicated many-body operator involving the

nuclear Hamiltonian HN. Returning to Eq. (IV~10), one sees that wA

scattering is expressed as an infinite series of N scattering terms (in
the presence of other nucleons) for single, double, triple, etc. f}f;
scatterings, with successive scatterings on the same nucleon excluded to

avoid double counting. b

To solve Eq. (IV-10) for the nA T matrix, one must be able to
obtain an expression for the t’s. This is a very difficult problem since
; the t’s involve the nuclear Hamiltonian HN. One can relate the T4 to the [“”4

free 7N transition operator, te,

ti = Vi + vigoti y (IV-IZa)
where
8y = _*l n 0+ . (IV=-12b) C:
w=- K - Ky + 1n )
E Ky is the kinetic energy operator for the nucleon and w is a suitable . i
h '

. choice for the 7N collision energy in the mA center-of-mass system. The o
> g
< relation between T, and t; is y
' ]
: - _ - L -
: Ti ti + ti(co gO)Ti . (IV 13) L
; With this expression for t in Eq. (IV-10), the wA transition operator is fift

' =
g =
- .:::-:::-
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expressed in terms of the free »N transition operators plus nuclear
medium corrections, If the difference between G, and g, is small, one e

can approximate T, = ty (impulse approximation) and the Watson series for

the 7A T matrix is greatly simplified, since the n7A T matrix then
involves the experimentally well-determined 7N phase shifts. The impulse N
approximation is based on the assumption that the energy of the pion is
sufficiently high compared to the binding energy of a single nucleon, and
thus one may ignore the nuclear medium. However, the impulse approxi- .

mation does not include ignoring the momentum of the bound nucleon. With

Py

Ty * ty, Eq. (IV~9) becomes

e+ oo ot (19-14) g
t t Y -
g=1 1 " gar 1704417 d

4
4
. 3
4
L

T =

Eq. (IV-14) i{s the starting point for deriving the lowest-order optical
potential for wA elastic scattering and also the transition amplitude for

vA inelastic scattering.

B. Elastic scattering -

Eq. (1V-14) restricts the summation of scattering terms such that
! there are no successive scatterings on the same nucleon. TIf this
restriction is dropped (large nucleus approximation), then one extra term

i1s included, introducing an error of order 1/A, which for large nuclei is

’ small [St-74]. With this approximation, Eq. (IV-14) is replaced by f

. LI
: T= $¢, + 2e,6,0T (1v-15) NS
- = t t . - R
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SRS
Rewriting, . 1
T =T+ TG,T , (Iv-16a)
- —d
, ¢ B
where SRS
T T (Iv-16b) J
i=] L . . 1
For elastic scattering, in which the nucleus remains in its ground state, ;%; .
one must take nuclear ground state matrix elements of the %A transition L ‘;
L
operator. For this purpose, introduce  ?f'j
> »> » +>
10> = [0(E ,Epuoee,T)> »  |a> = |8, (F),Tg,00,F4)> (Iv-17)
for the nuclear ground state and excited state wave functions,
respectively. The nuclear ground state matrix element of T is
<0|T|0> = <O|T|0> + <O|TG,T|0>
= <0|T|O> + §§,<0|T|e'><e'|co|e><e|T|o> . (1v-18)
Noticing that
e |Gyl e> = 1 <e”|e> = G ()8,- (1v-19)

€
E - E2“°1 - K, + in

Eq. (IV-18) can be written

(AONE
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<0fTj0> = <0|T|0> + Z<0|T[eXG (e)<e[T[O> . (Iv-20)
€
In the second term of Eq. (IV-20), there are both diagonal, ¢=0, and

nondiagonal, €#0, matrix elements. The diagonal matrix elements should

be larger than the nondiagonal matrix elements due to the expected good

overlap of the nuclear ground state wave function with itself (especially
for small momentum transfers) [Ei-80)., The diagonal terms are usually Lo
called the coherent terms since they correspond to the elastic case where

the pion wavelets from different nucleon scattering centers add

coherently. Exhibiting the coherent terms explicitly, Eq. (IV-20) is ::Li
| - 4

1 L

CO|TIO> = <O|T|0> + <OI|T}|0P e + coe]

|| |7l IO g molTlo>

T|e>¢ T , =21
[€§0<o| |e>6,(e)<e|T|0>] ( )

where the term in brackets is small and the arbitrary zero of energy has
been determined by letting the nuclear ground state energy vanish,

Eg“CI =0, Taking only the coherent terms (the coherent approximation),

1

> - =olt|o> . (1v-22)

E
_! <0|T|0> = <O|T|0> + <O|T}O

This equation can be rewritten as

1
O[T[0> = V,  + vopmmmm , (Iv-23a)
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where .
A
Vop = <O|T|0> = <o|1£1:1|o> . (Iv=23b)
Eq. (IV-23) 1is the desired Lippmann-Schwinger equation for ®A elastic j
scattering (compare to Eq. (IV-2)) with the nucleus represented by the -]
lowest-order optical potential, vop’ which is a function of the pion -_‘
. 4
coordinate ,;, and energy oanly. Vop is complex, with the imaginary part "
representing all inelastic processes allowed by coanservation of energy ::;;f
and by the selection rules for strong interactions, H]
Using the momentum representation of the one-particle Klein- .
Gordon equation, one must calculate the matrix elements of vop in the ::‘
momentum space of the pion. Denoting initial and final pion momenta in i £
the WA center-of-mass system as k and k- (|k|, |k°|, |E°| are not . 4
necessarily equal) and letting |E> represent the pion state including its \.
'-\\
isospin, ”
~'.\
»> A -~
> > > ‘e
- = z - . - o
<k |v°p|k> i’1<k 0ty (w)[k0> (1v-24)
Inserting - o
-;' ‘j"‘
- d3ps d3p;
ol l A .
’-‘_ ><p oo >< = '.7- o
. IT—T’Z'N W'Pl 1' IPA p A' . ,"
D N
= d¥p; d¥p i
- b )7“’1“"1""'"")("Al (1v=23) R
: =
o
!_ 2 11
B =7
-:: .:_.i
Iy
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where ;i »o e ,;;, 51 g0 ';A are the momenta of the individual nucleons,

L a4

Eq. (IV-24) can be written as

A ,d3p) d3p, 4% d¥p; d¥p,

e LA T T e A e e

x>+ >, >
oo(Plpzcoopioo.pA) %

\adonen o o
A

¢

1

-5
s

v

]

T
-y M
'

. A

KRBy g (W) |KPDOO (P Pyt "By **Py) (1v-26)

Ty

\g

<l€';{|t1(w)||:;i> contains a momentum conserving delta function, Thus,

define a reduced 7N T matrix as [Er-80]

CNE B e

>

kB[t (W) KDy = \k'pﬂ|t1(m)||kp1>(21l)36(pi—p1*q) , (1v-27)

where cT- k- - K 1s the three-momentum transferred to the pion.

Substituting Eq. (IV-27) into Eq. (IV-26), the pion momentum space

representation of the optical potential is
> > d3 >, > > ++ + 3+ >
<k | Vg, lk> 'ITE;"« p~q||t(w)||kp>p(p-q,p) , (Iv-28a) e

where p(s-c’[,;) is the single-nucleon density and is given by

R gf"apx d*py dpy_yd’pyy,  dlp,
= e e e (N N ] X

L - ¢ T L 1 LA ¢ T LA FTOERM P T E :
A<l, > »> SRR ~
G(p + ;Z Py +k )0 (PIPZ'"PI-[P"QPj_.H”'PA) x .‘:;.'-' X
s o
> > + > > )

®,(P1P2°* Py-1PP141°**PA) - (1Iv-28b) .~.
< .‘.1
o .“.‘
NN
-.:_\:_'.!
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The single-nucleon density contains a womentum conserving delta function
which ensures that the nucleus has a total momentum of ';o in the ®A
center~of-mass system (see Eq. (IV-3)). <f’;—;||t(w)|lig> possesses both
spin and isospin degrees of freedom and may be written in terms of spin

and isospin operators [La-73,E1-80]-~

<K-p-q||t(w)| |kp> = <k-p-q||c38(w)||kp> +

> >

<k-p-q||tY8(w)| |Kp>a-a +

O Eas i i _an o o

>
R-p-a] |2V (w)] |EPOI-T +

b
>

| @231V Cw | [E35-a1e = :
.
§<§‘5-3||t5(w)llﬁs>05 ' (1v-29) 7]
]
* N
where 9, fi, I, and T are defined in Chap. I. Eq. (IV~28) may then be iff'"

rewritten as

> > d3p > > > E >+ > > >
kD= o -
<k |v°p| > Agf(i;73<k p-q||t*(w)| [kp>og(P~q,P) , (1v-30a)

with

d3p2 dapA > A, >
soe +
3 (2“)35(p j=2pJ + ky)0p x

DE(;-E:;) = I

xR, > > > > »>
9, (p=apy** Py) 8, (PPy**py) (IvV-30b)

The p;’s are the nuclear ground state spin/isospin scalar and vector

densities. Compared to <i';—;||t5(w)|lﬁs>. DE(;-E’;) is a sharply peaked

., . o . Cme N [
d D LT . .- S - . Attt T R L T e S N S T
IS IS P Sy LS L R ) ERPE AR R T L L K ~ T SRR I TP PN
AT B RPN ILIPELIY T SR WP, P W L I AT IR -t B A AT R e N o . .
R s oy S I YL LI, T DAL IR IR A N DA DR R R R R AT M Pk .




v

———v

hatlh LR A8 a4

T W W

YT OWTwT W W wmmm—m—e T e T T &

D) g."'-_'
o e

..“~' -
Lt ‘c’

T T e LT eT TR Y IYTw TTN T T —— -

o o '_‘,_l‘,_f "

79

function of the nucleon momentum ;. This 18 a result of the nuclear size
being much larger than the range of the ®N interaction, Thus, one may
use the factorization approximation and remove <k~p-q||t®(w)||kD> from
the integral in Eq. (IV-30a), after evaluating at some average nucleon

momentum 50- Eq. (IV-30) becomes

B[ Vop| > = AT Bo-d] €3 (uy) | | E>pe (D) (1v-31a)

where

3
pg(d) = IT%;§395(5-3.5) . (1v-31b)

The value of ;o and w, should be chosen so as to make the impulse
approximation valid (see Eq. (IV-13)) and so as to optimally factorize
the pion momentum space representation of the lowest-order optical
potential, The final expression obtained for the optical potential is
simply a product of the 7N T matrix and the nuclear form factor.

The 7N T matrix involved in Eq. (IV-3la) 1is not the free aN T
matrix in the 7N center-of-mass system. Denoting <E'|£(G°)|§> as the
free aN T matrix in the 7N center-of-mass system, <E’|£(Gx°)|;> is defined
only for the on-energy-shell values |2'| = |E| and &, = &,(x), where X is
the pion-nucleon relative momentum, However, <lt‘5°-a||c(wo)||ﬁ;o>
involves both on-energy~shell ([K-| = |K| = IEOI, (w,(ky,)) and off-
energy-shell (|k-| # |k| # |E°|) matrix elements, Furthermore, this T

matrix describes #N scattering in the TA center-of-mass system. One

needs to relate <k-p -q||t(wy)||kp,> to <k”|E(®))|%>, since <k |E(d,)|%>

l'- B - e . - . s
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is the T matrix given by the experimentally determined wN scattering

phase shifts. The transformation 1s ambiguous and one method 1is
explained in detail in ([Co-84]. Briefly, one employs a frozen-target
approximation (;o = -EO/A) and assumes effective on-energy-shell -

kinematics. <i‘$o-a||t(w°)||§$°> is approximated as SR

. ’..‘-
TR

& pama||tlu) kB = <k7||e(u)]| &>

1
w4

= ke [ , (1v-32a) S

e

RS

- S
where x is an effective on-energy-shell momentum [Co-84] associated with .
<

the 7N collision energy in the A center-of-mass system and !, B

[ Eq(k)Eq(x7)EG(K)EN(xT)
¥ O (R Eg (M E(< TA)

12, (1Iv-32b)

Eq(x) = (x? + m%)l/z, Eg(x) = (2 + a2)l/2 ere. w, is given by

Wy = Ex(x) + Ey(x/A) & (1v-33)

Since one is assuming effective on-~ener jy-shell kinematics, all kinematic

variables (:, ;’, E, ;‘, Wor and mo) are related through use of the

invariance of the four-vector product s = (P4 + PR)(Py + Py ). The

effective on-energy-shell kinematics are phenomenologically determined by

incorporating an energy shift parameter in E (x) [Co-84], i.e.,

Ex(x) = Eq(k) + 8. (1v-34)
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A is a free parameter which adjusts the kinematics so tha’ the approxi-
mations (impulse, factorization, frozen-target) made in deriving the
lowest-order optical potential are most correct ([Co-84]. The final

result for the pion momentum space representation of the lowest-order

optical potential is

<k |Vop [R> = AYCRT| E(8,) | ®>0(3) . (1v-35)

The connection between the optical potential and the w¥N phase

shifts is made in the usual way for on-energy-shell kinematics [E1-80Q]-~

€@y | %> = :%Ir(2'+2) , (1v-36)

where u is the reduced energy for the pion and nucleon, u = [Ii‘.“(nC)-l +
EN(x)'ll'l, and F(:'*;) is the scattering amplitude matrix discussed in
Chap, I. With Eq. (I-7) and neglecting the spin-dependent term, the

optical potential 1s

RV 18> = Zhav(a(ay) + b(a)E -E]o(d) (1v-37)

which is known as the Kisslinger optical potential [Ki~55), Transforming

to the coordinate space representation,

Vop() = Zav[-a(ay)e(E) + b(B)Vp($)] . (1v-38)

-
o’

CRE R
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In Eq. (IV-38), p(;) is the ground state nuclear density normalized to 7
unity, fp(;)d3r = 1, The ground state nuclear density may be expressed ':t.
in terms of the neutron and proton densities as ;—_.
> > >
p(F) = oy(F) + py(F) , oy(F) = %p(r) , pg(T) = -:-p(r) ,  (1v-39)
where N is the number of neutrons in the nucleus and Z the number of
protons., Substituting Eq. (IV-39) into Eq. (IV-38), the Kisslinger
optical potential becomes
> 2n " > . >
Vop(T) = AY[-a(@,)on(T) - a(@,)ey(F) +
L. > > > +> *
b(@,)Vopy(r)V + b(&Ey)Tepy(r)V] (1v-40) .
For n' elastic scattering from a nucleus, Eq. (IV-40) is (see Eq. (I-7)) :::::f
g 2mA [ x2,. 0o " 0 . > —
Vop(T) = Yomg[=X20] (®)) + a3 1(&))oy(r) ~ -
2q,g’l(wo)pz(r) + 2
- Loal (@) + al (5 + 6al (8 ) + 20} (8 ))Vep (F)V +
L 7 °%1,1 % 3,1 % 1,3 % 3,3'9e? Y Py _
2 X
% 1 (a 20l (3 ))Vepn(E)W N
i (a3, )(B,) + 203 3(8,))V+0,(T)V] . (Iv-41) o
A similar expression holds for n~ elastic scattering from a nucleus,
::: which 1s obtained from Eq. (IV-41) by replacing DN(;) with pz(;) and vice
; versa., For self-conjugate nuclei (N = Z) such as 6Li, the Kisslinger
- .
:’.‘ ',:‘
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optical potentials for ** and *~ elastic scattering are identical as seen e

from Eqs, (IV-39) and (1IV-41),

Differential cross sections for mA elastic scattering are

obtained by numerically solving a Klein-Gordon equation containing the iﬁl
Kisslinger optical potential and the Coulomb petential, V.. The radial

plece of the Klein-Gordon equation is

-2 _ e(2+ 2 :
G+ _L.Y!_).)ul(r) = (§7 + V2 - 260p - 260 Jug (o) (1v-42) ]

Z_;,

where U, = Vc(r)/ﬁc, Uop - Vop(t)/ﬁc, £ = E/Re, k 1s the incident -~
-~ e

momentum of the pion in the ®A center-of-mass system, and E is the total -f';
energy of the incident pion in the 7®A center-of-mass system. For the ffé
elastic calculations presented in this dissertation, a modified version ::5

{Co=-80] of the computer code PIRK (Ei-74] was used to solve Eq. (IV-42)
for the phase shifts needed to compute the elastic differeantial cross

sections, The modifications to the code include the transformation of

the #N T matrix in the wA center-of~mass system to the 7N center-of-mass
system according to Eq. (IV=-32) and linking PIRK to the MINUIT optimizer
package [Ja-75a] in order to search on the energy shift parameter
incorporated in the effective on-energy-shell kinematics, Eq. (IV-34) -~ -

{Co-80]. The MINUIT optimizer package also allows searching on the

’2e’ & .

shapes and magnitudes of the neutron and proton density distributions 5:{{
= which enter into the Kisslinger optical potential, However, for the °Li i: ?
Q elastic calculations, the proton density distribution was taken directly S
o
g from electron scattering measurements with no variation in the shape and
»
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magnitude, but corrected for the finite size of the proton charge, The
same density distribution was used for the neutrons, Lastly, the =N
partial-wvave amplitudes in Eq. (IV-41) were constructed from the ¥N phase

shifts of Rowe, Salomon, and Landau [Ro-78],

C. 1Inelastic scattering

The theory for wA inelastic scattering is more complicated than
for ®A elastic scattering. As for elastic scattering, one uses the non-
relativistic multiple-scattering formalism. However, %A inelastic
scattering involves a "hard” interaction which induces the nuclear
transition, an interaction not present in vA elastic scattering [Ei-80),
To derive the transition amplitude for mA inelastic scattering, the main
assumption 1s that the reaction mechanism consists of two parts: (1)
many scattering steps which serve only to distort the pion wave function
and in which the nucleus remains in the ground state and (2) a one-step
"hard" 1interaction which causes the nuclear excitation [Ei-80].
Derivation of the transition amplitude {nvolves the same approximatioas
as the derivation of the lowest-order elastic optical potential in Sec.
IV-B, although the approximations may be less well founded.

Beginning with Eq. (IV-14) and using the large nucleus approxi-

mation,
A
T=T+ TGOT, T= [ ty . (IV=~43)
i=]

Since one 1is interested in inelastic scattering, matrix elements of Eq.

3
t4

s .
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(IV-43) must be taken between a nuclear excited state, |8>, and the

nuclear ground state, |0>=-

<8|T{0> = <B|T|0> + <B|TG,T|O> . (1V-44)

Separating out successively higher orders of diagonal matrix elements,

Eq. (IV-44) 18

<8|Tj0> = <B|T|0> + <B|T|0>G,(0)<0}T|0>
+ <B|T|B>G,(B)<B|T|O> +

z B<B|T|e>G°(e)<e|T|0> , (1Iv-45a)

€#0

where

1

nsot .
E - EQUSl - K + in

{(IV-45b)

1
Go(0) = ¢

E-F, ¢ in’ Go(B) =

Just as in the elastic scattering case, the last term of Eq. (IV-45) is
ignored since it contains more nondiagonal nuclear matrix elements than

the first three terms. Therefore,

<8lT|0> = <B|T|0> + <B|T|0>G,(0)<O0|T|O>

+ <B|T{B>G (B)<BIT|O> . (1v-46)

Rewriting,
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<B|T|0> = {1 - <B|T|8>G,(8)171<B|T|0> x

(1 + G (0)<0|T|0>) . (1IV-47)

In order to obtain a final expression for the transition amplitude, one
needs to calculate the matrix elements of <B8|{T|0> in the momentua space
of the pion, Letting |¢{ > and l°§'> denote the pion initial and final

plane wave states, (E - K )| > =0,

<¢gsa|r|ogoo> = <o) - <B|T|B>G,(8))7I<BIT]O> x

{1+ GO(O)<0|T|0>]|¢;°> . (1Iv-48)

|¢io> + GO(O)<OIT|O>|¢§°> 1s the equation for the pion scattering state

in which the complete optical potential, <0|{T|0>, is involved, {i.e.,

Iwz > = |4 > + 6o(0)<0|T|0>| 0 > , (1V-49a)

where

+
(E - Ky - <o|r|o>)|w§°> =0, (IV-49b)

Likewise, <0§8|[l - <B|T|B>G,(B)]"! s the equation for the pion

scattering state in which the lowest-order optical potential is involved,

f.e., O
@z = <oge] + <] <BITIBXGG(B) (Iv-50a) N
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where

+
(E - Ky = <s|r|s>)|x;5> =0, (IV-50b)

Using Eqs. (IV-49) and (IV-50) in Eq. (IV~48), the final result for the

transition amplitude, which describes %A inelastic scattering, is
- +
<og-B|T|of 0> = <x2-B|T|wE 0> . (Iv-51)
0 o o o

This expression 1is referred to as the distorted-wave impulse approxi-
+
mation (DWIA) description of #%A inelastic scattering. In practice, ¥
o

+
is replaced by xf and |8> in Eq. (IV-50) by [0>, so that
o

- +
<¢§BBIT|0ﬁOO> = <xﬁal<BlTIO>|xﬁo> . (1v-52)

Thus, the DWIA expression for the transition amplitude involves the
initial and final pion distorted waves, in which the discorting poteantial
is the lowest-order elastic optical potential, <0|T|0>, and an inelastic

interaction, <B|T|0>, which induces the nuclear transition.

Inserting
dd” 2. >, ddk (» =+
L= [omysle<ir] « [myyliodd (1v-53)

where |€> represents the pion state with initial momentum k in the A

center-of-mass system, Eq. (IV-52) becomes

e
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( 4 H - PR
%-8|T| o 0> = Tgo i
d- d3% 3 - )

e z-(k ) z <k slzi(w)lkong &) . (1v-54) o

B8, |

+ +

0 (f) - <ﬁ|xg > and w 18 an appropriate =N collision energy in the =A
(-] o

center-of-mass system, The spin and isospin dependences for both the S

nucleus and pion are not shown explicitly 1in Eq. (IV-54). Denoting

A
Uso({'.ﬁ) as i2l<l:'8|ti(m)|ﬁ0>, UBo(ﬁ',i) is analogous to the pion
momentum space representation of V., (see Eq. (IV-24)). Therefore, after

the same manipulations as performed for <i'|vop|2>,

Ugo(k~,Kk) = A§<ﬁ’30—illt5<wo)||i3°>95<3> , (Iv-55a)
where
-». d3p > > > _
pe(a) = [rmsoe(p-a.p) (1v-55b)

dapz d PA

A
Pg(p-a,p) = fgmye Wé(p )k pj + &)z &

05(P-apg** *Pp) 0o (PPy " *By) - (Iv-55¢c)

The pg”s are the nuclear spin/isospin scalar and vector transition

[}
'
o' g .

densities and measure the ability of a nucleon in the state |p> to be f.i
scattered into the state |p-q>, while the nucleus is excited from the ?,;;
ground state, |0>, to the excited state, |B>, during a particular Ef;i
spin/isospin transition ([La-73,Le-74]. étﬁ%
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As for the elastic scattering case, the #N T matrix involved in
the inelastic interaction involves both on-energy-shell and off-energy-

shell matrix elements and 1s not the free 7N T matrix in the ®N center-

of-mass system, The transformation 1s explained in detail in [Co-84])
and, as for the elastic case, employs a frozen-target approximation and
Y> effective on-energy-shell kinematics, Following the development of Eqs.
z: (1v-32) chrough (IV-33), the effective on-energy-shell kinematics are

phenomenologically determined by

Eq(K) = Eq(k) ~Eo/2 + & , (1V-56)

where E, 1is the excitation energy for the nuclear state [8>, and 4 is
taken from elastic scattering [Co-84], Also, the collision energies for
the initial and final pion distorted waves are E}Qﬁ) = E“(k) + A and
EX(K") = Eq(k) - E, + 4, respectively,

Following the development for the elastic scattering case but

including both the spin-dependent and spin-independent terms of Eq.

(I-7), the coordinate space representation of the DWIA expression for the

.
3
.
.
-
3
-
3

transition amplitude is
5
- +» L d
Tgp = Ja%ex™ (EX(x") , )V (DIx (EX(K), D) (1V-57a)
> with
- 2y = 2T .88~ 2y o .SV >
Ugg(T) SAY[-aT (B g (1) = aT(@y)pg,(r) +
D
\
'\
]
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&> L J > >

b38(D,)Vep g (F)V + BEV(B,)Vepy, (F)V +
+ » + +>

1c¥8(8,)Vxp o (F)V+A + 1e¥V(G ) Vxp  (T)V-4] . (1v-57b)

The nuclear transition densities are given by
A
pr(f) = %1‘1“3’1'"43'A°§‘;1‘";AN(;';i)Oei%(;n"'?A>
- L% <alst-2)0,, 0>
o t-r )0y . (1v-58)

The nuclear transition densities contain the nuclear structure input to
nA 1inelastic calculations, and when possible, are taken from other
projectile-nucleus scattering measurements such as electron scattering,
As mentioned in Chap. I, the above DWIA formalism is the most
prevalent theoretical description of ©wA inelastic scattering, and cal-
culations using the DWIA and well-known nuclear transition densities are
adequate for describing the pion-induced excitation of nuclear states
which are strongly excited, A few examples of the success of the DWIA
were given in Chap., I. In many of the successful applications of the
DWIA to the description of mA inelastic scattering, the nuclear structure
input 1s fixed from electron-nucleus inelastic scattering (e,e”) data,
Since the essential parts of the inelastic interaction are the 7N T
matrix and the nuclear transition densities (see Eq. (IV=-55)), un-
certainties in the inelastic interaction are a result of uncertainties in
the 7N T matrix, In other words, within the framework of the DWIA, {if

the transition densities determined from fits to (e,e”) data do not give
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agreement between theory and data for 7A inelastic scattering data, the [ ]

most reasonable part of the DWIA calculation to question 1is the =N

interaction, especially if the expressions for (e,e”) and 7A inelastic
scattering involve the transition densities in the same manner, The
examples of Chap. [, which were selective of the spin-dependent piece of
the wN interaction, suggest the correctness of the parameterization of
the spin~dependent piece of the nN interaction {Ca-83]. Furthermore,
Morris, et al., [Mo-81] and Boyer, et al, (Bo-81] obtain good agreement
between angular distributions and DWIA calculations, which use transition
densities determined from (e,e”) data, for inelastic scattering to low-
lying collective states in !2c, “OCa, “2ca, ““ca, and “8Ca. The good
agreement suggests the correctness of the parameterization of the spin-
independent piece of the 7N interaction. Since the DWIA calculations for
pion inelastic scattering to the 2,185~ and 3.563-MeV states of 611
presented in Chap. V use transition densities determined from fits to
(e,e”) data, the following paragraphs, taken from [Pe-79,Pe~81], briefly
outline the relationship between electron-nucleus and ®A inelastic
scattering differential cross sections.

In order to obtain clear and simple relations, the plane-wave
Born approximation and plane-wave impulse approximation (PWIA) are used
in deriving the differential cross sections for electron-nucleus and TA
inelastic scattering, respectively. For ®A inelastic scattering, the
PWIA expression for the transition amplitude is given by Eq. (IV-57) with
the initial and final pion distorted waves replaced by plane waves, The
expressions for the differential cross sections will be given for

transitions in which only one value of J, the total angular momentum
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transfer, is involved. (Although the ground state of 6L1 has spin and
parity J¥ = 1%, there 18 only one dominant J transfer for the transitions
to the 3%, 2.185~MeV and 2%, 4,25-Mev states.) For natural-parity
transitions (A% = (-I)J, where Av is the parity change), the differential

cross sections for electron-nucleus and mA inelastic scattering are

do® 2 . At 02
—a - ’ V-
- = |Fu(@| 2Ji+llop(q)l (1V-59a)
n
= LeS@ed@) + epelSarptica |2
A LS sa 2 -
+ 50| Ze (@) |2 . (IV-59b)

In Eq. (IV-59a), |FL(q)[2 is the longitudinal form factor and the
equation is valid only for transitions which are dominantly longitudinal.
pg(q) is the Fourier-Bessel transform of the proton transition density.
This transition density includes the finite size of the proton charge in
the electron-nucleus result but not in the n7A result, In Eq. (IV-59b),
€y 1s a scaling factor, f£(8) is an angle factor, a is an isospin index,
tS(q) and th(q) are the Fourier-Bessel transforms of the spin-~

independent and spin-dependent pieces of the wN interaction, and Ogs(q)

and ogJ(q) are Fourier-Bessel transforms of the spin-orbit and spin

transition densities, 1If ij = pgs = 0 and pg = pg as in N=Z nuclei, the
differential cross sections for electron-nucleus and ®A inelastic

scattering involve only a single density and are directly related. This
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is the basis for fixing the transition densities needed in wA inelastic

scattering calculations from (e,e”) measurements,

For unnatural-parity transitions (Ax = (-1)J+1), the differential

l cross sections for electron-nucleus and %A inelastic scattering are
f do® T 2 . 2Jg+1 qfi .1 _a_sa _ o a.fa 2 -
‘l I « |F (Q)i m'mi{iﬂspJ (q) 2329JJ(Q)}| ’ (Iv-60a)
do" <« 1 LS sa 2
=f£(9)|Lt . IV-60Db
a0 3 'a a (De] ()] ( )
)

IFT(q)|2 is the transverse magnetic form factor and the transition
densities for the electron-nucleus expression include the finite size of
the proton charge. gg and gy are the spin and orbital g-factors, ng(q)
is the Fourier-Bessel transform of the orbital current transition
density, and pj(q) is the transverse linear combination of spin

transition densities,

T T e o ¢ 0 RN T T

J_\1/2 J+111/2
7o) I208 1 o1(@) + LR S CO (1v-61)

p(a) = -(

¢ T oy - 7

Since Eq. (IV-60a) involves both the orbital curreat and transverse spin
transition densities, there 1is not a direct connection between the

electron-nucleus and 7A inelastic scattering differential cross sections

-y e

as for the natural-parity transitions. Use of (e,e”) measurements
; requires the separation of the orbital current and transverse spin
transition densities from the transverse magnetic form factor and depends
J upon the ground state and excited state wave functions, However, as for
l \
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the above natural-parity case, the theoretical expression for pion-

induced unnatural-parity transitions is particularly simple, invoiving

only a single piece of the 7N interaction and a single transition

density.
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V. COMPARISON OF THEORY AND DATA

A, Elastic scattering

As explained in Sec. IV-B, the first-order, zero-range, impulse-
approximation elastic calculations were performed with a modified version
{Co-80] of the coordinate-space computer program PIRK (Ei-74]., The same
density distribution was used for both the point proton and point neutron
density distributions which enter into the Kisslinger optical potential
(see Eq, (IV-41)), This density distribution was taken from elastic
electron scattering measurements (Li-71) and is a three-parameter
phenomenological distribution of the form

[l p(-—rz) _ c2(6b2-r2) x (—rz)] ,

Z
P = S T W w7 =1

with a = 0,928 fm, b = 1,26 fm, and c = 0,48 fm [Li-71]. The elastic
electron scattering parameters in Eq., (V-1) were corrected for the finite

size of the proton charge according to

<Dy, = <y - (0.8)2, (v-2)

where <r2>pp is the mean-square radius of the point proton density,
<r2>ch is the mean-square radius of the charge density as determined from
electron scattering measurements (<r2>ééz = 2,56 * 0,05 fm) [Li-71}), and

0.8 fm is the root-mean-square radius of the charge distribution for a
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single proton (El-6l1].

+

The measured differential cross sections for « elastic

scattering from SLi at Ty = 120 and 180 MeV and the differential cross
sections for n~ elastic scattering from SLi at Ty = 164 MeV taken from
Zichy“s work at SIN {Z1-80], along with the elastic calculations, are
presented in Fig. V-1, Fig. V-2 shows the elastic calculations and x*
elastic scattering differential cross sections for 100 < Ty € 260 MeV and
q = 109 MeV/c., For the elastic calculations, the partial-wave amplitudes
in the Kisslinger optical potential (see Eq., (IV-4l1)) were evaluated at
an energy of 30.0 MeV below the incident pion beam energy, i.e., in Eq,
(Iv-34), 4 = -30.0 MeV, This value of A was chosen from the work of
Cottingame and Holtkamp [Co-80]. They found that a value of A = =30 MeV
gave better agreement between pion elastic scattering data and cal-
culations for nuclel ranging from JBe to 208py, Elastic calculations
were also performed for the 7" 120~ and 180~Mev and 7~ 164-MeV data sets
with a one-parameter search on the shift in the collision energy. The
result of the search was 4 = -20 MeV. However, the elastic calculations
with A = =20 MeV differ only slightly from those with A = ~30 MeV,

As seen from Figs, V-1 and V-2, there is good agreement between
the elastic calculations and the measured elastic differential cross
sections, Since the lowest-order elastic optical potential 1is the
distorting potential used for the generation of the initial and final
pion distorted waves for inelastic calculations (see Eq. (IV-52)), the

good agreement indicates adequate handling of the distortions,
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Fig. v-1: Differential cross sections for n* and = elastic scattering
for ®Li for Ty = 120, 164, and 180 MeV., The calculations include a =30
MeV shift in the energy at which the optical model parameters are
calculated. The 164=-MeV data are from [Z2i-80].
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B. Inelastic scattering

The inelastic calculations presented in the following sections
use the DWIA expression for the transition amplitude (see Eq. (IV-57)),
The initial and final pion distorted waves are calculated from the
lowest-order elastic optical potential employed in the elastic calcu- -
lations using the coordinate-space computer program UTDWPI [Bo-n.d.].
Calculation of the inelastic interaction, UBO' uses the frozen-target
approximation and effective on-energy-shell kinematics and a collision —
energy obtained from the elastic calculations (see Eq. (IV-56)). For the

inelastic calculations using Cohen-Kurath intermediate coupling p-shell

wave functions [Co-65] and pure LS-coupling p-shell wave functions, a
modification of the generalized inelastic scattering potential code e

ALLWRLD {Ca-84] is used to generate the nuclear transition densities from

harmonic oscillator wave functions and subsequently calculate the

inelastic interaction, The harmonic oscillator parameters and renormali- -~
zation constants (shape and strength parameters for the ctransition
densities) include the standard center-of-mass correction needed when f;-f
using shell-model wave functions., The differential cross sectlons are
then generated from the code UTDWPI. For all other {inelastic calcu-
lations, only the code UTDWPI is used and no center-of-mass correction is e
included 1in the harmonic oscillator parameters and renormalization .

constants, However, these inelastic calculations use center-of-mass

corrected transition densities with the correction being applied in e

momentum space in the usual way.
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1. 3%, T=0, 2,185-MeV state

Electron-nucleus inelastic scattering measurements indicate that
the natural-parity transition to the 2,185-MeV level of 6L1 1s almost
completely longitudinal, with measurements in the region of q = 0.7 to
1.8 fm ? yielding a transverse form factor which is less than 2% of the .
longitudinal form factor [Ne~71}, Since the spin-orbit and spin
transition densities are approximately zero (Ca-84a), the wA inelastic

interaction, UBO' involves only the spin-independent central component of

the 7N interaction and the isoscalar matter transition density (see Eq. ;5'1
(Iv=59b) and discussion). Inelastic calculations for this natural-parity :iiéi
transition were performed using two different transition densities iff?
derived from pure LS-coupling and Cohen-Kurath intermediate coupling p- ::t;
shell wave functions, Each calculation employed equal transition ii;j
densities for the protons and neutrons, The harmonic oscillator f};:
parameter, a (a = (Mw/ﬁ)l/z, where M is the nucleon mass and Hw 1s the :j;ﬁ
energy quantum of the harmonic oscillator), and renormalization constant ;
for the transition density derived from the pure LS-coupling p-shell wave
functions are 0.534 fm ! and 2.03. These values were taken from [Pe-82) i
and were deduced in [Br-72] from a fit to the (e,e”) data of 3.
{Be-~63,Ne~69]. Using cthese values, Petrovich, et al, obtained good 'f?i%
-~

agreement between theory and experiment for the GLi(p,p')sLi*(Z.IBS MeV)

differential cross sections at Ep = 25 and 45 MeV (Pe-82]. The

transition density derived from the intermediate coupling p-shell wave

functions uses a = 0,558 fm ! and a renormalization constant of 1.93,

again determined from (e,e”) data [Ca-84a].
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Electron scattering longitudinal form factors [Be~76,Be-79] are
shown 1in Fig. V-3. The solid (dashed) curves correspond to the
transition densities computed from the pure LS- (intermediate) coupling
p-shell wave functions. Both theoretical form factors are similar, with
the intermediate coupling form factor in better agreement with the (e,e”)
measurements, The differential cross sections for %' inelastic
scattering to the 2,185-MeV state and DWIA calculatlons for T, = 120 and
180 MeV are presented in Fig. V-4, Fig, V-5 shows the data and calcu-
lations for T, = 100 to 260 MeV with the differential cross sections
corresponding to a constant momentum transfer q = 109 MeV/c. From the
data and calculations, the first maxima of the angular distributions for
the 2,185~MeV state are expected to be at q = 164 MeV/c., The
intermediate coupling calculation is in good agreement with both the 120-
and 180-MeV experimental angular distributions, Furthermore, this calcu-
lation reproduces well the constant-q experimental differential cross
sections, considering that the theoretical values plotted in Fig, V-5 are
taken from the steep forward slope of the various angular distributions
where errors would produce the greatest variations, The pure LS-coupling
calculation yields similar shapes for the 120- and 180-MeV angular
distributions and the constant-q differential cross sections as does the
interﬁediate coupling calculation but overestimates the magnitudes. Such

disagreement suggests that the renormalization constant is too large.
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Fig. V-3: |F (@)]2 for the 3*, T=0, 2,185-MeV state of éLi, The
calculations used isoscalar matter transition densities derived from pure
LS~coupling (solid curve) and Cohen~Kurath intermediate coupling (dashed
curve) p-shell wave functions with a = 0,534 fm~! and a renormalization
constant of 2.03 and a = 0,558 fm~! and a renormalization constant of
1.93, respectively., The data are from [Be-76] (open circles) and [Be-79]
(solid circles).
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Fig. V-4: Angular dis:ributions for n' inelastic scattering to the 3+,
T=0, 2,185-MeV state of 611 for Ty = 120 and 180 MeV, The calculations
used {soscalar matter transition densities derived from pure LS-roupling
(solid curve) and Cohen-Kurath 1ntermediate coupling (dashed curve) p-
shell wave functions with a = 0.53 fm~! and a renormalization constant

of 2.03 and a = 0.558 fm ! and a renormalization constant of 1.93, »
respectively. '
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Fig. V-5: Differential cross sections for ** inelastic scattering to the
3+, T=0, 2.185-MeV state of 611 at a constant q = 109 MeV/c. The
calculations used isoscalar matter transition densities derived from pure
LS-coupling (solid curve) and Cohen-Kurath intermediate coupling (dashed
curve) p-shell wave functions with a = 0,534 fu ! and a renormalization
constant of 2,03 and o = 0,558 fm ! and a renormalization constant of
1.93, respectively, ’ -
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2. 2+’ T.o. 4,25-MeV state

The electron scattering form factors for both natural-parity

trangsitions to the 2,185~ and 4.25-MeV levels have the same dependences

on the momentum transfer [Be-63]. Therefore, the transition to the
4,25-MeV state 1is principally longitudinal, and this transition was
treated as completely analogous to the excitation of the 2,185-MeV level,
However, even though the 4,25-MeV state is observed in (e,e”) spectra, a
detailed form factor has not been measured because of this state”s large
natural width, che overlapping 5.37-MeV state, and the large continuum
background [Be-82)., As a result, a transition density caannot be deduced
from (e,e”) data as was the case for the transition to the 2.185-MeV
level. Thus, a transition density was derived £from Cohen-Kurath
intermediate coupling p-shell wave functions with a = 0,52 fm~! and a
renormalization constant of 0.82 determined from fitting the (ﬂ+,ﬂ+')
data at T, = 120 and 180 MeV. This transition density yields a radiative
widch, ngz), of 3,02 eV in agreement with the expefimental value of
5.4 * 2,8 eV [E1-69]., The 4.,25-MeV experimental and theoretical 120- and
180-MeV angular distributions and the constant-q differential cross
sections are shown in Figs. V-6 and V-7, respectively. The agreement 1is

not as good as for the 2,185-MeV state but is very reasonable considering

the difficulties {in extracting the cross sections and possible un-

certainties in the transition density,
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Fig. V-6: Angular distributions for ** inelastic scattering to the 2*, -::::::.

T=0, 4,25-MeV state of SLi for Ty = 120 and 180 MeV., The calculation A

used an isoscalar matter transition density derived from Cohen-Kurath e

intermediate coupling p-shell wave functions with a = 0,52 fm~ ! and a
renormalizaction constant of 0.82. )
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Fig. V-7: Differential cross sections for ' inelastic scattering to the
2%, T=0, 4.25-MeV state of ®Li at q = 109 MeV/c. The calculation used an
isoscalar matter transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions with a = Q.52 fa~! and a
renormalization constant of 0,82,
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;f‘ 3. 0%, T=1, 3.563-MeV state

s
h As 1s the case for the natural-parity transitions to the 2,185~
and 4,25-MeV levels of SLi, the DWIA description of the pion-induced

unnatural-parity transirion to the 3,563-MeV state is straightforward,

involving only a single component of the #N interaction and a single
nuclear transition density (see Eq. (IV-60b)). The spin-dependent piece
of the ®N interaction 1s represented by the =zero-range spin-orbit
operator [Ca~83] which Carr, et al. used for their successful analysis
of the stretched 4~ and 6~ states in !60 and 28Si, and the tramsition
density is the transverse spin transition demsity. For the following
DWIA calculations, three different transverse spin transition densities
were used, each transition density determined from fits to various (e,e”)
measurements but compared to the most recent sets of (e,e”) data
{Be-75,Be~79]. The proton and neutron transition densities were taken to
be equal. The reasons for using three transition densities are: (1) The
p-shell harmonic oscillator basis 1s known to result in a poor descrip-

tion of the 3.563-MeV (e,e”) transverse magnetic form factor over the

entire second lobe, q > l.4 fo~! (Be-75}. Therefore, one transition -,
density which reproduces both the first and second lobes of the form
factor is used. (2) Since there is no antianalog to the 3,563-MeV state

as is the situation for the 12.71~/15.11-MeV antianalog-analog pair of

12C, any anomalies in the 3.,563-MeV excitation function depend upon
comparison of theory with data and not data for analogs as for the
15.,11=-MeV  level, Thus, accurate spin transition densities are

imperative,
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The first analysis for the spin-flip transition to the 3,563-MeV
state used a transverse spin transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions. The harmonic oscillacor
parameter was chosen to be a = 0.518 fm~! from the work of Petrovich,
et al. [Pe-82], who fitted the (e,e”) data of [Ne-71,Be-75,Be-79] using
pure LS-coupling p-shell wave functions, In the fitting procedure, the
lower q data were given the most weight., The renormalization constant
was determined to be 0.97 from a fit to the most recent sets of (e,e”)
data for the form factor, Petrovich, et al. conclude that both sets of
wave functions provide an adequate description of the experimental static
moments and transition probabilities of 611 with the exception of the
quadrupole moment [Pe~82], However, the Cohen-Kurath intermediate
coupling p-shell wave functions were chosen because they give a slightly
better fit to the most recent sets of (e,e”) data [Be-75,Be-79] for the
inelastic Ml form factor. Fig. V-8 shows the calculated transverse
magnetic form factor (solid curve) and the (e,e”) data for the tranmsition
to the 3,563-MeV state.

The second DWIA calculation employed a transverse spin traansition
density obtained from the empirical shell-model wave functions of
Donnelly and Walecka [Do-73]. These wave functions are almost identical
to the pure LS-coupling p-shell wave functions. Using p-shell harmonic
oscillator radial wave functions for the valence nucleons, Donnelly and
Walecka determined the one body density matrix elements from normali-
zation conditions and from fits to the ground state magnetic dipole and
electric quadrupole moments and the Ml form factors for electron elastic

and 1inelastic scattering for q < 1,01 fa~! [Do-73]. A harmonic
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Fig. V-8: IFT(Q)|2 for the 0%, T=1, 3.563-MeV state of ©Li. The ?f:;
calculations wused transition deasities derived from Cohen-Kurath o
intermediate coupling p-shell wave functions (solid curve) with a = 0,518 .
fm~! and a renormalization constant of 0.97, transition densities derived
from the empirical shell-model wave functions of Donnelly and Walecka
(dashed curve) with a = 0,493 fm™}! and a renormalization constant of
0.96, and phenomenological transition densities based on the work of
Bergstrom, et al. (chain-dot curve), The data are from [Be-75] (open
circles) and [Be-79) (solid circles).
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oscillator parameter [Do-73] a = 0.493 fm~! and a renormalization
constant of 0,96 (determined from a fit to the most recent sets of (e,e”)

data) were used in this second set of calculations., The resultant

inelastic M1l form factor (dashed curve) is compared to the (e,e”) data in

Fig . V-8 .

-

The third analysis used a phenomenological transverse spin
transiton density based on the work of Bergstrom, et al. [Be-79]. This

transition density was derived in the same manner as the transition

o,
3

density of Donnelly and Walecka except that the (e,e”) data of
[Be~75,Be=79], which extend to q = 2,96 fm~!, were fitted with a
polynomial form for the p-shell radial transiton density. The wave
functions for the ®Li ground state and 3.563-MeV state were taken to be
described by the SASK~A amplitudes of Bergstrom, et al. [Be-79]. The .

radial transition density has a phenomenological form

R(r) = exp(-rzlbz)(azr2 + aar“ + a6r5) , (v-3) .
with b = 2,02 fm, a, = 6,625 x 1072 fn"S, a, = -5.036 x 1073 fn™7, RS
ag = 1,967 x 107% fm™9, yielding a reduced x2 of 1.32 from a fit to the ikl

inelastic Ml form factor, which is presented in Fig. V-8 (chain-dot

curve),

The n* inelastic scattering measurements and DWIA calculations at

Ty = 120 and 180 MeV for the spin-flip transition to the 3.563-MeV state o

[
2

A
are shown in Fig. V-9, At 120 MeV the three transverse spin transition 5:;j
:\_‘
densities give equivalent shapes for the angular distribution in the N,
|
range of the (u*,n*’) data, 15.7° < Oc_m. < 48.9%, All calculations -
?
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Fig. V-9: Angular distributions for »* inelastic scattering to the 0%,

i T=1, 3.563-MeV state of SLi for T, = 120 and 180 MeV. The calculations LI
; used a transverse spin transition density derived from Cohen-Kurath N
- intermediate coupling p-shell wave funcitons (solid curve) with a = 0,518 RN
4 fo ! and a renormalization constant of 0.97, a transverse spin transition AN
: density derived from the empirical shell-model wave functions of Donnelly RN
and Walecka (dashed curve) with a = 0.493 fm ! and a renormalization R
constant of 0.96, and a phenomenological transverse spin transition )

density based on the work of Bergstrom, et al. (chain-dot curve),
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Fig. V-10: Excitation function at a constant q = 109 MeV/c for = S
inelastic scattering to the 0 , T=], 3,563-MeV state of 6.1, The calcu- )
lations used a transverse spin transition density derived from Cohen-
Kurath intermediate coupling p-shell wave funcitons (solid curve) with
a= 0,518 fm ! and a renormalization constant of 0,97, a transverse spin

transition density derived from the empirical shell-model wave functions R,
of Donnelly and Walecka (dashed curve) with a = 0,493 fo"! and a e
renormalization constant of 0.96, and a phenomenological transverse spin b o
transition density based on the work of Bergstrom, et al. (chain-dot

curve).
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- i

predict the correct location for the first maximum of Oc.m. = 28°, %5£€
However, the Cohen-Kurath intermediate coupling (solid curve), Donnelly ;tii
and Walecka (dashed curve), and phenomenological (chain-dot curve) calcu- 3:;1

lations overestimate the magnitude of the first maximum by 18%, 29%, and

38%, respectively. The three transverse spin transition densities yield

bl

similar results for the shape of the 180-MeV angular distribution through ; .
the first minimum but differ through the second maximum and winimum.
Each calculation underestimates the magnitude of the first maximum by at

least 26%. Fig. V-10 shows the 2t 3.563-MeV excitation function data at

q = 109 MeV/c and DWIA analyses. None of the transverse spin transition .

densities predict the measured shape and magnitude of the excitation :-i

function, The three DWIA calculations disagree with the data by at least ?f?é

= 20% at both the low and high incident pion energies. rﬁ-:

C. Discussion and results ;‘.3

-

- 4

The disagreement between theory and data for the 120- and 180-MeV Ag

angular distributions and excitation function for the unnatural-parity i"f}
transition to the 3.563-MeV state is difficult to understand, as is the 7

disagreement observed for the wunnatural-parity transition to the “?

15.11-MeV state of l!2c, For comparison, the 12,71- and 15.11-MeV

excitation functions along with DWIA calculations as described in [Mo-82]
are shown in Fig. V-1l. As noted in Chap., I, a simple DWIA description

of =®A 1inelastic scattering, which uses a single pilece of the =N

interaction and a single nuclear transition density, has been successful

in describing unnatural-parity transitions in many nuclei. Using the

R P I T SR ISR o e, -.' P . .. e . e aTe . st ."..‘.'.."-..‘.’--‘ K .
l-lli-'.qh...-l‘- ‘e . ‘e . " * - . - A DR ST : N Coe : R A AT ] . - LA e v,
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zero-range spin-orbit operator and a transverse spin transition density
derived from Cohen-Kurath p-shell wave functions, Morris, et al. [Mo-82]
‘ adequately reproduced the measured 12.71-MeV excitation function.
Furthermore, Cottingame, et al. [Co-84] adequately describe the

12.71-MeV angular distributions for T, = 100 to 260 MeV. Even though

there is an energy-dependent enhancement near Ty = 180 MeV in the
15.11-MeV excitation function, the low-energy (T, = 100 and 116 MeV)
angular distributions for this state are reproduced by simple DWIA calcu-
lations [Co-84]., Using the same zero-range spin-orbit operator for the
representation of the spin-dependent piece of the #N interaction and
three different transverse spin transition densities, DWIA calculations
do not adequately reproduce either the 120-MeV and 180-MeV angular
distributions or the excitation function for the transition to the
3.563-MeV state, However, the measured angular distributions and
constant-q differential cross sections at energies from T, = 100 to 260
MeV for the natural-parity transitions to the 2,185~ and 4.25~MeV levels
of ®Li are reproduced using only the spin-independent central piece of
the ®N interaction and transition densities derived from Cohen-Kurath

intermediate coupling p-shell wave functions,

The configuration-space, =zero-range form of the spin-dependent ;f;g;
component of the 7N interaction of Carr, et al. [Ca-83] is most likely
not in error, [Furthermore, the transverse spin transition densities used
for the transition to the 3.563-MeV level yield inelastic Ml form factors

which agree with the (e,e”) data for q < 1,4 fm ! (see Fig. V-8), a range

of q that sufficiently covers the q = 0,55 fm~! at which the excitation

e

function was measured., However, this does not eliminate uncertainties in
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Fig. V-11: Excitation functions (averaged »* and 7" cross sections to
remove isospin mixing) at a constant q = 124 MeV/c for pion inelastic
scattering to the l+, T=0, 12,71-MeV (solid circles) and 1+, T=1,
15.11-MeV (solid squares) states of 12¢, The calculations used
transverse spin transition densities derived from Cohen-Kurath p-shell
wave functions [Mo-82). The solid curve is for the 12.71-MeV state. The
dashed curve is for the 15.11-MeV state and has been multiplied by four.
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the transverse spin transition densities since the electron scattering
inelastic M1 form factor depends upon both the orbital current and spin
transition densities (see Eq. (IV-60a)). Petrovich, et al, [Pe-82]
noted that the monopole spin transition densities derived from both the
pure LS-coupling and the Cohen-Kurath intermediate coupling p-shell wave
functions produced Gamow-Teller matrix elements = 8% and = 8% larger
than the experimental values, Also, Petrovich, et al., [Pe-82] did not
obtain agreement between theory and their 6Li(p,p')sLi*(3.563 MeV) data
at Ep = 25 MeV, with the theory failing to reproduce either the shape or
magnitude of the angular distribution. This disagreement, however, was
not attributed to uncertainties in the spin transition density, but
Petrovich, et al. suggested that other reaction processes in addition to
the direct, one-step reaction process were contributing to the
transition., Furthermore, Cammarata and Donnelly [Ca=76], in their study
of the reaction GLi(Y,ﬂ+)6ﬂe near threshold, conclude that the ratio of
the orbital current and spin transition densities derived from the
Donnelly and Walecka wave functions is probably correct. Thus, as is the
case for the 15.11~MeV state of 12C {Mo-82], the disagreement between the
simple DWIA analyses and the 3.563-MeV angular distributions and

excitation function 1is difficult to explain as due to uncertainties in

the transverse spin transition density or the spin-dependent plece of the
mN interaction.
As explained above and in Chap. I, simple DWIA calculations using
F a well-tested spin-dependent component of the 7N interaction and

!

i transverse spin transition densities obtained from fits to (e,e”) data
} fail to reproduce both the shapes and magnitudes of the 3,563- and
|
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15.11-MeV excitation functions, Furthermore, the energy-dependent
anomalous shapes of both excitation functions are similar, Fig. V-12
shows the ratio of the experimental differential cross sections to the
calculated differential cross sections for the excitation functions of
the two unnatural-parity transitions, (The calculation employing the
phenomenological transverse spin transition density is used for the 6L1
ratio). As mentioned in Chap, III, one cannot directly compare the
3.563-MeV excitation function to the 15.11-MeV excitation function, which
is clearly evident from Figs. V-10 and V-11, From Eq. (IV-57a), the DWIA
expression for ®A inelastic scattering differential cross sections for
the excitation functions for unnatural-parity transitlions can be written
as the product of two energy~dependent factors, the spin-dependent piece
of the 7N coupling and the distorted nuclear form factor at a fixed
momentum transfer, and sin2(6) ([Si-81], For the transition to the
15.11-MeV state of !2C, the strong energy depeandence of the spin-
dependent plece of the ¥*N coupling is cancelled by the energy dependence
of the distorted nuclear form factor [Si-81]. Thus, within the framework
of the DWIA, the energy dependence of the 15.11-Mev excitation function
follows sin2(6), However, for the transition to the 3.563-MeV state of
61,1, the distortions are not as great, and the energy dependence of the
spin-dependent piece of the ®»N coupling dominates. Therefore, using the
DWIA, ianstead of having a gradually decreasing energy dependence, the

3.563-MeV excitation function is rounded and peaked, Taking the ratio of

the experimental to theoretical excitation functions eliminates the

N
difference of the effects of the distortions and allows direct comparison f.lvq

of the shapes of the 3,563~ and 15.,11-MeV excitation functions. From -]
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Fig. V-12: Ratio of the experimental differential cross sections to the

calculated differential cross sections for the excitation functions of U
the two AS=AT=1 transitions to the 3.563-MeV state of ®Li (solid circles) -,;;}y

and the 15,11-MeV state of ‘2C (solid squares).
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Fig. V-12, the ratios for the 3.563-MeV state of °Li and the 15.11-MeV
state of 12C are very similar i{n shape with the 3.563-MeV ratio approxi-
mately one-half the 15.11-MeV ratio at each incident pion energy. Both
ratios deviate significantly from one and possess an energy dependence
resembling the basic N interaction.

Since the measured excitation functions for the unnatural-parity
transitions to the 3,563-MeV state of ®Li and the 15.11-MeV state of l2C
disagree in the same manner with the excitation functions predicted using
the DWIA, and uncertainties in the transverse spin transition densitles
or the spin-dependent pilece of the =N interaction are not likely
explanations for the disagreement, perhaps another process, in addition
to a one-step, impulse-approximation mechanism, contributes to both
isovector transitions. A possible mechanism is the direct excitation of
A~h components of the excited state wave functions, as proposed in
{Mo-82), and a schematic diagram of the process is shown in Fig, V-13
{Mo-84a]. The diagram represents the process in which the incident pion
excites a nucleon to a A particle; the A particle decays into a A
particle plus a pion, 1leaving the nucleus in an exclted A-h
configuration. Since this mechanism involves the intermediate formation
of a A particle, {ts contribution to the wA inelastic scattering
differential cross sections should be resonant [Mo-84a), Furthermore,
the isospin of the A particle (T=3/2) and the isospin of the nucleon hole

(T=1/2) couple only to a total T=l or T=2; thus, resonant 4~h production

cannot contribute to excitation of the T=0, 12,71-MeV state of l2¢,
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Fig. V-13: A schematic representation of the direct excitation of A-h
components of the excited nuclear state wave function,
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Within the A-h model interpretation, one can roughly estimate the

amount of A-h admixture in the 3.563-MeV wave function, Using the peak

of the 3.563~MeV excitation function (Tn = 190 MeV), the DWIA calculation
which used the phenomenological transverse spin transition density, and
the procedure of (Mo-82,Mo-84a] (see Appendix B), the estimated range of
B8 (assumed to be real), the probability amplitude for the A-h component
! of the 3.563-MeV state, is 0.0l < B € 0,13, This range of values of B is

similar to that estimated for the 15.11-MeV state of l2c,

0.026 < B < 0.096 [Mo-84a]., However, if the direct excitation of A4-h
components 1is applicable to both AS=AT=] transitions, comparison of the
two excitation functions and DWIA calculations (see Fig. V-12) indicates
that the resonant A-h scattering amplitude miy interfere differently with

the p-h scattering amplitude for the two transitions,
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VI. SUMMARY

D = SRR

Using the EPICS system at the Clinton P, Anderson Meson Physics

'1 Ry
RO
-

Facility, x* inelastic scattering data have been obtained for the
transitions to the 3%, T=0, 2.185-Mev, 0%, T=1, 3.563-Mev, and 2%, T=0,

4,25-MeV states of OLi. Simple DWIA calculations, involving only the

spin-independent ceatral component of the 7N interaction and an isoscalar
matter transition density derived from Cohen-Kurath intermediate coupling
p-shell wave functions with the shape and strength parameters fixed from
(e,e”) data (transition to the 2.185-MeV state only), reproduce well both
the 120~ and 180-MeV (ﬂ+,n+’) angular distributions and the constant-q
(q = 109 MeV/c) differeatial cross sections at Ty = 100 to 260 Mev for
the natural-parity transitions to the 2,185~ and 4.25-MeV levels. The
agreement between the DWIA predictions and the (7% 2%-) data for these
two transitions 1is continuing confirmation of the adequacy of the DWIA
description for pion~induced transitions to nuclear states which are
strongly excited.

DWIA calculations using a well-tested spin-independent component
of the =N interaction and three different transverse spin transition
densities obtained from fits to (e,e”) data fail to reproduce the
(ﬂ+,l+f) 120~ and 180-MeV angular distributions and the (n*,n+’)

excitation function at q = 109 MeV/¢ for the unnatural-parity transition

to the weakly excited 3.563-MeV state, The measured excitation function

exhibits an energy-dependent enhancement near incident pion energies of

T, * 190 Mev, with the difference between the data and DWIA calculations N

'
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very similar to the difference observed for the excitation function of ’
the unnatural-parity transition to the 15.,l11~MeV state of 12¢, ;
As for the 15.11-MeV excitation function [Mo~82], uncertainties i;fi
in the transverse spin transition density or inadequacies in the spin- ;‘ )

dependent piece of the #N interaction are an unlikely explanation for the
disagreement between the simple DWIA analyses and (u*,n*’) data for the
transition to the 3,563-MeV level, Rather, a more likely explanation is »
that an additional process other than a one-step, impulse-approximation

mechanism contributes to the AS=AT=1 transition., A possible mechanism is

e

resonant A-h production as was proﬁosed in [Mo-82] to explain the -

anomalous excitation function for the transition to the 15.11-MeV state

e e a

of 12C¢, wWithin the A~h model interpretation, the peak of the 3.563-MeV
excitation function is reproduced with an estimated probability amplitude
for the A-h component of the 3,563-MeV state of 0.01 < B € 0,13, a range
of values of B consistent with the estimation of 8 needed to account for

the peak of the 15,11-MeV excitacion function, 0,026 < 8 < 0,096

[{Mo-84a], However, the A-h and p-h scattering amplitudes may interfere
differently for the two transitions. Whether or not the A-h model is the
correct explanation for the anomalous 3,563-MeV excitation functiom, the
(w+,w+‘) measurements for the transition to the 3.563-MeV state of SLi
provide another example of the failure of a simple DWIA description of

transitions to weakly excited nuclear levels,
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APPENDIX A

Data Tabulation

TABLE III-1: Differential cross sections for n% elastic scattering, )

Spi(nt,vt).
4
Ty 81ab % .m. q do/df; o, )
(MeV) (deg) (deg) (fm~1) (mb/sr) :
100 33.0 34,3 0.559 27.2 £ 0,1 i -
120 15.0 15.7 0.289 80.5 * 0.4
120 21.0 21.9 0.404 74,1 £ 0.4
120 24.0 25.1 0.460 64.0 £ 0.3
120 27.0 28.2 0.517 49,1 * 0.2 -
120 27.0 28.2 0.517 48,8 £ 0,2 :
120 29.0 30.3 0.554 43,0 £ 0.3 —
120 32.0 33,4 0.609 34,9 £ 0,2 ).
120 32.0 33.4 0.609 35.1 * 0.2 s
120 42,0 43,7 0.790 15,0 £ 0,1
120 47.0 48,9 0.878 8.2 £ 0,1 B
140 26,0 27.2 0.551 64,9 t 0.3 DN
160 24.0 25,2 0.557 80.5 £ 0,3 S
170 23.5 24,7 0.569 85.4 £ 0,5 L
180 20.0 21,1 n.505 103.4 £ 0.4 B
180 23,0 24.3 0.580 79.4 * 0,3 e
180 23.0 24,3 0.580 79.5 £ 0,5 e
180 23.0 24,3 0.580 79.3 £ 0,4
180 23.0 24,3 0.580 80.9 £ 0.5
180 26.0 27.4 0.654 61.3 ¢ 0,3 )
180 29.0 30,6 0.727 44,7 * 0,2 -
200 20.5 21.7 0,557 100.7 ¢ 0,7 e
215 19.5 20.7 0.558 107.1 & 0,5 :
230 18.5 19.7 0.557 105.7 £ 0.7 -
230 18.5 19,7 0.557 103.4 £ 1,5 el
260 17.0 18.2 0.560 109.8 t 0.8 i:‘- .
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TABLE III-2: Differential cross sections for %' inelastic scattering to
the 3%, T=0, 2.185-MeV state of SLi,

Tn elab ec.m. q do/dnc.n.
(MeV) (deg) (deg) (fo™!) (ab/sr)
100 33.0 34.3 0.555 0.40 t 0,02 .
120 15.0 15.7 0.288 0.27 t 0,03 o
120 21,0 21.9 0.401 0.31 £ 0.04 .-
120 24,0 25.1 0.458 0.57 + 0,03 o
120 27.0 28.2 0.514 0.63 £ 0,03 .
120 27.0 28.2 0.514 0.59 £ 0,03 i
120 29,0 30.3 0.551 0.74 t 0,04 _
120 32.0 33.4 0.606 0.80 ¢ 0,03
120 32,0 33.4 0.606 0.85 t 0,04
120 42,0 43,7 0.786 0.97 t 0,03
120 47,0 48.9 0.873 0.98 t 0,03
140 26,0 27,2 0.548 1.11 ¢ 0,05
160 24,0 25,2 0.555 1.36 t 0,06 -
170 23.5 24,7 0.567 1.78 £ 0,09 =~
180 20,0 21,1 0.503 1.25 ¢ 0,07 Y
180 23,0 24,2 0.577 1.74 £ 0,06 X
180 23,0 24,2 0.577 1.62 £ 0,08 A
180 23.0 24,2 0.577 1.59 ¢ 0,06 -l
180 23.0 24,2 0.577 1.58 t 0,09 -
180 26.0 27,4 0.651 1.97 * 0.06 o~
180 29.0 30,5 0,724 2.32 £ 0,06 A
200 20.5 21,7 0.555 1,96 ¢ 0,12 o
215 19.5 20,7 0.557 1.88 ¢ 0.09 T
230 18.5 19.7 0.555 2.03 £ 0.12 o
230 18.5 19,7 0.555 2.09 t 0,25 ;
260 17.0 18,2 0.558 2,06 £ 0,13 -
. \'..
. L e N e TN T e T
IR RN AT AP AP AEIERE AN APPCIE N RO O RIS




=
TABLE III-3: Differential cross sections for ¥* inelastic scattering to p-‘
the 0%, T=1, 3,563-MeV utate of SLi, T
Tx 91ab %.m. 1 do/df; o, Vo
(MeV) (deg) (deg) (fa™1) (ub/sr) N
100 33.0 34.3 0.553 39.8 ¢ 2.2 =
120 15.0 15.7 0.287 33.9 £ 3.0 b
120 21.0 21.9 0.400 43,6 t 4.6 :
120 24,0 25.1 0.456 61.5 t 5.6 v
120 27.0 28.2 0.512 41.3 £ 4,7
120 27.0 28.2 0.512 48.4 t 4,1
120 29.0 30.3 0.549 57.0 £ 4.3 -
120 32.0 33.4 0.604 38,0 ¢ 3.3 L
120 37.0 38.6 0.694 32.8 £ 3,2
120 42,0 43.8 0.783 22.3 £ 3.2 o
120 47,0 48.9 0.870 12.3 £ 2.3 o
140 26.0 27,2 0.547 60.7 £ 4.4 S
160 26, 25.2 0.553 68.5 £ 5.5 .
170 23.5 24,7 0.565 70.2 £ 7.0 .
170 23.5 24,7 0.565 80.7 t 9.4 T
180 20.0 21.1 0.502 117.0 £ 7.6 b
180 23.0 24.3 0.576 100.0 ¢ 7,7
180 23.0 26,3 0.576 95.0 t 9.4
180 23.0 24,3 0.576 62.0 £ 9.1
180 26.0 27.4 0.649 55.0 t 5.6
180 29.0 30.6 0.722 43,1 t 6.3 - -
190 22,0 23.2 0.573 97.0 * 12.0
190 22.0 23,2 0.573 89.5 £ 9.5
200 20.5 21.7 0.554 81.7 £ 6.4
200 20.5 21.7 0.554 97.0 * 5.7
215 19.5 20.7 0.556 73.3 £ 5.6
230 18.5 19.7 0.554 55.9 * 7.3 -
230 18.5 19.7 0.554 55.6 * 6.0 R
260 17.0 18.2 0.558 33,1 * 10,5 By
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TABLE III-4: Differential cross sections for " inelastic scattering to
the 2%, T=0, 4.25-MeV state of L1,

Ty ®1ab %.a. 1 do/d@; o, C
(MeV) (deg) (deg) (fu !) (ab/sr) S
100 33.0 34,3 0.552 0.15 £ 0,01 |
120 15.0 15.7 0.287 0.08 t 0,01 Ll
120 21.0 21.9 0.400 0.09 £ 0.01 T
120 24,0 25.1 0.456 0.14 t 0.01 R
120 27.0 28,2 0.511 0.26 £ 0,01 SRR
120 27.0 28,2 0.511 0.20 ¢ 0.01 o aad
120 29.0 30.3 0.548 0.28 t 0.01 » .
120 32.0 33.4 0.603 0.27 ¢ 0.01 o
120 37.0 38.6 0.693 0.9 % 0,01 RN
120 42,0 43.8 0.782 0.34 t 0.01 SR
120 47.0 48.9 0.868 0.27 ¢ 0,01 STy
140 26.0 27.2 0.546 0.32 ¢ 0.01 T
160 24.0 25,2 0.553 0.51 ¢ 0,01 ;“‘4
170 23.5 24,7 0.565 0.61 t 0,02 LT
170 23,5 24,7 0.565 0.64 t 0,02 s
180 20.0 21.1 0.502 0.86 t 0,02 s
180 23.0 24,3 0.575 0.69 £ 0,02 P
180 23.0 24.3 0.575 0.80 ¢ 0,02 T
180 23.0 24.3 0.575 0.76 * 0.02 e
180 26.0 27.4 0.649 0.83 t 0.01 e .
180 29.0 30.6 0.721 0.88 t 0,01 S
190 22.0 23.2 0.572 0.87 t 0.03
190 22.0 23,2 0.572 0.98 £ 0.03
200 20.5 21.7 0.554 0.61 £ 0.01
200 20.5 21.7 0.554 0.74 £ 0.01 R
215 19.5 20.7 0.555 0.89 ¢ 0.01 »
230 18,5 19.7 0.554 0.71 £ 0.02 L
230 18.5 19.7 0.554 0.70 £ 0,01
260 17.0 18.2 0.557 0.71 £ 0,02




APPENDIX B »
Estimation of B

Within the A-h model interpretation, the peak of the excitation

function measured for the AS=AT=] transition to the 3,563-MeV state of

611 1s reproduced with an estimated probability amplitude of the A-h
component of the 3.563-MeV state of 0,01 € B < 0,13, B is estimated in
! the following manner., The 1inelastic scattering differential cross

section is written as [Mo-82,Mo-84a]

%%(z,e) = |A(E,8) + BB(E,8)|2 , (B-1)

where |A(E,0)] is the p-h scattering amplitude, |B(E,8)| 1is the A-h
scattering amplitude, and B is the probability amplitude for the A-h
component of the 3.563-MeV state with respect to the ground state, The
3.563-MeV excitation function peaks at T, = 190 MeV and elab = 229,
Using this energy and angle and the DWIA analysis employing the

phenomenological transverse spin transition density,

|A(E,8)| = 8.2 Vib/sr . (8-2)

[B(E,S)I may be roughly estimated by examining the 1isospin
dependence of cross sections for (Ti'Tzi) - (Tf,Tzf) transitions
involving only p-h configurations or 4-h configurations of the final

state with respect to the initial state, and by assuming a simple A-h
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model for the 3,563-MeV level., The relative isospin dependence 1is
determined using Lee and Lawson”s [Le-80a) extraction of the isospin
dependence of the ®A scattering amplitude in the DWIA formalism, and
modifying theilr result to include a 4 in the final state., Using P3’3
dominance, which simplirfies Lee and Lawson“s result, the ratio of cross
sections for a (Ti-O,Tzi-O) *> (Tf-l,Tzf-O) transition for the final state
being a A~h coanfiguration to the final state being a p-h configuration is
0.625/0,25. To determine the possible A~h configurations of the
3.563-MeV state with respect to the ground state, an extremely simple
model 1is used. In this model, the 3.,563-MeV state 1is a
(lpl/z x 193/2‘1)J-0,T-1 nucleon~hole configuration with respect to the
ground state. (This configuration was chosen from the dominant one body
density matrix element predicted from Cohen-Kurath intermediate coupling
p-shell wave functions,) One could expect the following A-h configura-
tions to mix with the above p-h configuration: (lpllz x 1p3/2-1)J-0,T-1'
(Ip3/ * 1P3/3 Dyag,1err 3084 (IP5/y * 193/ )jap, 1+ With Cohen-
Kurath intermediate coupling p-shell wave functions, the inelastic
scattering differential cross section is quenched by a factor of 2.25
from the differential cross section computed with the above simple p-h
configuration., Assuming that this quenching is not present for the A-h
configurations and that the three transitions involving a 4, P3/2 > Ps/2»
p3/2 > p3/2, p3/2 > pl/Z’ contribute coherently to the differential cross

section and are weighted as VZjA + 1,

Y6 + /4 + /27 10,625

B(E,8)] «
IB(E, 8] 72 Y0.25

x /2,25|ACE,8)[< . (B-3a)
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The only other factor which needs to be considered is the ratio of

coupling constants f,,y/fayye This ratio can be obtained from the quark

model and is f,,,/f ny = Y2578 [Mo-84a]. Thus, f;f

'.
F SN

-
\

76+ /4 + /2 N v0.625 N 25

B(E,8)| = V2, (E,8) % . -
|B(E, 8)| = T 2.25]A(E,8)] (B-3b)

Substituting in the value of |A(E,9)| from Eq. (B-2),

|BCE,8)| = 143 Yub/sr . (B-3c)

With Eqs. (B-1) through (B-3) and assuming that the two scattering
amplitudes, p~h and A-h, are completely in phase or are completely out of

phase, 0.01 < B € 0,13, where B8 is assumed to be real.
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APPENDIX C

Dissertation Paper

Pion Inelsstic Scattering to the Low-Lying Excited States of SLi

R. R. Kizish, M. D. Brown®, C, J, Harvey®, D. S. Oakley,
D. P. Saunders®, P. A. Seidl, and C. F. Moore
University of Texas at Austin, Austin, TX 78712

¥, 8, Cottingsme, R. W. Garnett, Steven J. creennd.

G. A. Luna®, and G. R, Burleson
New Mexico State University, Las Cruces, NM 48003

D. B. Hol:kanpd
University of Minnesota, Minneapolis, MN 55455

ABSTRACT

The excitation function for »¥ inelastic scattering to
the 0%, T=i, 3,563-MeV level of 5Li has been measured at a
constant momentum transfer q = 109 MeV/c for {ncident pion
energies from 100 to 260 MeV, Although the differential
cross sections extracted for the natural-parity transitions
to the 3*, T=0, 2,185-MeV and 2%, T=0, 4.25-MeV levels are
well reproduced within the framework of the distorted-wave
{mpulse approximatfon (DWIA), DWIA calculations fail to
reproduce the anomalous excitation function observed for
the transition to the 3,563-MeV level. The shape of the
3,9563-MeV excitation function {s similar to that previously
observed for n% {nelastic scattering to the the 17, Tel,
15.11-MeV state of !2C (C. L. Morris, et al., Phys. Lett.
1088, 172 (1982)], The same mechanism may bSe responsible
for the observed excitation functions of both 4S=AT=l
transitions, A possible mechanism {s the previously
proposed direct excitation of A particle-nucleon hole (a~h)
components in the wave functions.

PACS numbers: 25.80.04, 25.80.Fnm

[NUCLEAR REACTIONS: sLl(w"',n*'); 100 ¢ T, < 260 MeV; measured 0(8);
DWIA analysis; deduced «, the matrix element between A-h and p~h
basis states for the 3,563-MeV state]
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I. INTRODUCTION

Comparison of plon-inelastic-scattering data in the energy range of the
(3,3) resonance with calculations using the distorted-wave 1impulse
approximation (DWIA) and well-known transition densities, indicates that a
single-step, impulse approximation is an adequate description for pion-induced
transitions to nuclear scates which are scrongly excited. For exaample, Lee and
Kurath! and Lee and Lawson,? using the DWIA and transit{on densities derived
from shell-model wave functions, qualitatively reproduce angular distributions
for pion inelastic scattering to excited states of various p- and sd-shell
nuclet, Morris, 35_££.3 and Boyer, 35_21,“ obtain good agreement between
aagular distrtdbutions and IWIA calculations, which use empirical transition
densities determined from electron-scattering data, for fnelastic scattering to
lov-l1ying collective states (n !2C, “0Ca, “2Ca, ““Ca, and “8Ca. Furthermore,
the excitation functions measured at a constant momentum transfer for the
unnatural-parity transitions to the 47, 19,25-MeV scate and 2~ structure at
approximately 18,4 MeV in 12C (Ref. 5) and the 9/2%, 9,5-MeV state in 13C (Ref.
6) decrease with Lncreasing incident pion energy as predicted by the DWIA,’
Within the framework of the ODWIA, chese unnatural-parity transitions are
particularly simple, involving only the spin-dependent part of the effective
plon-nucleus inelastic interaction and the transverse spin transition density.8
1n particular, for the unnatural-parity transitions to states of stretched
configuration in 180 (47, 17,79-, 18.98~, and 19,80-MeV levels) and 2851 (67,
11,58- and l4.36-MeV levels), Carr, et al.? satisfactorily reproduce the
measured angular distributions with DOWIA calculations using spin traasition

dengities fixed from (e,e’) and (p,p’) data.
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For pion-induced excitation of nuclear states that are weakly excited by a
one-step, impulse-approxisation mechanisa, nuclear medium effects and aultistep
processes may be importsnt and there may not be good agreement between the
pion-inelastic-scattering data and DWIA calculations, as for the above strongly
excited examples. This 1is indeed the case for the T=]l member of the weakly
excited 1* doublet, 12.71 MeV (T=0) and 15.11 MeV (T=1), of !2¢,!0 Cohen-Kurath
wave functions!! describe the 15.11~ and 12.71-MeV states as near analogs, and
this description for the spin transition densities is supported by (e,e”)
data.!'? Calculations using a one-step, DWIA mechanisa predict the ratio of
cross sections for unnatural-parity cransitions to members of an analog-
antianalog pair to be four to one.8'10 Both the constant-momentum-transfer-
excitation function and the angular distributions for the 12.71-MeV state are
well reproduced by DWIA calculations, However, the measured ratio of four
times the averaged »* and *~ differeatial cross sections for the 15.li-MeV
state to the averaged »* and 7~ differeatial cross sections for the 12.71-MeV
state deviates significantly from one, especially at energies near 180 MeV
(ratio s approximately three), and displays a rapidly varying energy

dependence, (Averaging the w* and 7" differential cross sections removes the

effect of isospin mixing between the two states on the ratio to better than
12.10) Also, DWIA calculations do not agree with the 15.,11-MeV angular

distributions at energies near the (3,3) tesonance, 2 RN

g e 0 g

Uncertainties in the spin transition density or inadequacies in the spin-

I

dependent piece of the effective pion-nucleus {interaction are an unlikely N

s Am

explanettonm for the anomalous excitation function for the ASsAT=l transition
to the 15.11-MeV level of '2C, Rather, a more likely explanation is that an
additional process other than a one-step, impulse-approximation mechanism {s
contributing to the {isovector traasition, Therefore, to investigate further

pion=-induced excitation of weakly excited nuclear levels, we coansider the
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. ASeAT=1 transition from the 1%, Te0, ground state of 6Li to the 0%, Tm=l,

' 3.563-MeV level. We have messured an excitacfon function for »™*

inelastic
o scattering to the 3.563-MeV state of Li at incident plon energies from 100 to R
- 260 MeV and partial angular distributions at 120 and 180 MeV, We also present

E in Table 1 the differential cross sections for elastic scattering and for *

inelastic scattering to the 2,185- and 4.25-MeV states. The 2,185- and
v 4,25-MeV differential cross sections are compared to microscopic OWIA
calculations wusing transition densitifes derived from Cohen~Kurath wave
functions.ll The 3.563-MeV differential cross sections are compared to
nicroscopic OWIA calculations using spin transition densities derived from
Cohen-Kurath wave functions,l!! the empirical shell-model wave functions of
Donnelly and Walecka,!3 and the phenomenological wave functions of Bergstrom,

et al,l*
TI. DATA ACQUISITION AND REDUCTION
The data were collected using the Energetic Pion Channel and Spectrometer

(EPICS) system!5 at the Clinton P. Anderson Meson Physics Facility (LAMPF),

Four separate targets consisting of sheets of enriched lithium, »98% 6Li,

fabricsted by the Oak Ridge National Laboratory were used during the

experiment. Two of the targets, with dimensions of 22.9 e¢m x 15.2 ¢m and areal

densities of 202 mg/cm? and 100 mg/cm?, were used for approximately one-half of

the total data acquisition and contained no discernible contamination, The

v
.
P
Slerd

remaining two targets, with dimensfons of 20 cm x If) cm and areal densities of -

IR

205 mg/em? and 95 mg/cm?, were contaminated by exposure to the air during

shipping, Hydrogen contamination was negligible in the thick 20 cm x 10 cm

PP S W )

target (<1%) but appreciable in the thin 20 cm x 10 em tacget (=5%). Since we
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clearly observed the 6.13~ and 6,92-MeV states of 160 in some ** Q-value
spectra but never observed any inelastic peaks of 14N, we assumed the heavy
impurity to be 160. With this assumption, the total amounts of lmpurities for
the thick and thin 20 cm x 10 cm targets were 2.3% and 187, respectively. A
comparison of differential cross sections for the elastic scattering from SL{,
extracted from the contaminated and uncontaminated targets at the same incident
plion energy and scattering angle, indicate that the estimated amounts of
{mpurities are accurate within <1%. 711 was not detected in any of the
targets.

Fig. | shows the Q—value spectrum for 6Li(»*,x*") using the 205 mg/cm2, 20
cm x 10 cm target for T, = 140 MeV and @, = 26°. This spectrum is
representative of the spectra used for determination of cross sections for
excitatfon of the 3.563- and 4.25-MeV 1levels. Although the experimental
tesolution was not the best for the 205 mg/cm? target (240 keV full width at
half maximum (FWHM)), the 3,563-MeV level is clearly resolved from the large
continuum background and the 4,25-MeV level, The discontinuity in the Q-value
spectrum between the ground state and 2,185-MeV state is an artifact of the
hardware veto of elastic counts used to limit data rates during data
acquisition by rejecting the majority of events with a 0 value below =1,2 MeV.
The elastic and 2.185-MeV cross sections were determined without the use of
this hardvare veto (see the insert in Fig, 1).

Peak areas were extracted from the O-value spectra using the computer
program LOAF.l7 The backgrounds under the elastic and 3% peaks were fitted with
a first-order polynomial, while the backgrounds under the o* and 2% peaks were
fitted with a third-order polynomial. Line shapes for the elastic and 3* peaks
were extracted from the spectra for each target at each incident pion energy
because the resolution varied with energy from 200 keV (220 keV) FWHM at

T' = 100 MeV to 260 keV (260 keV) FWHM at Ty = 260 MeV for the thin (thick)

- - - Y a T e T " - - -t . "
B < - . . PR A I
s I g . T A I RS R
AR AR B SR PN A A ek ek el e adns alala it atnr

" T W -
.

- - "‘.'.-: AN
AT S L AP




P e e P sbais o e —p—

137

6=

targets., The line shape of the 0% peak was taken to be the same ss the 3+,

while the line shape of the 2% was constructed by folding the line shape used

for the 3% with & Lorentzian of 680 keV FWHM. The peak positions were

vy

constrained to be 0.0, 2,185,128 3,563,18 and 4,25 MeV. Both the position and
natural width of the 2¥ 1level, 4.25 % 0.02 MeV and 680 t 20 keV, were
determined from fits to several spectra where this state was predominant.

Previous determinations from other experiments are 4.27 £ 0.06 MeV and

v

690 ¢ 120 keV,!9 4,29 ¢ 0,02 MeV and 850 t SO keV,20 and 4,30 £ 0.01 MeV and
480 t B0 keV,20 The 5.37~ and 5.65~MeV states were not observed in the spectra,
L and thus no attempt was made to include them in the fitrs,

The consistency of the fits to the various Q~value spectra was checked by

extracting areas for 100 keV wide segments of background centered about 3,563
and 4,25 MeV, Plots of the background yields for both the 3.563- and 4,25-MeV
segments resulted in smooth and coantinuous angular distributions at 120 and 180
MeV, Also the background ylelds versus i{ncident pion energy are smooth and
continually increasing., We therefore have {ndication that our extraction of
the peak areas from the large coatinuum background is consistent at differeant
{ncident pfon energies and scattering angles.

Experimental yields were measured for SLAB > 25% by monitoring the EPICS
channel beam flux with an lonization chamber located downstream from the
scattering target. For Oas ¢ 25° the ionization chamber was not used since it
partially blocked the spectromerer entrance. For these angles, rcelative
normalization was accomplished through an fonfzation chamber located within the
plon production target cell and a charge {integrating toroidal coil located
upstrenm- of the plon production target. Monitortng of the ratio of the
lonization chamber current to the currents from these two monitors of the
proton beam showed <2% fluctuations for gLAB » 25°, establishing them as

reliable beam flux monitors. Absolute cross sections were calculated by
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normalizing to w7 gcattering on hydrogen (Cll2 targets of dimensions 22.9

cm x 15.2 cm and 20 cm x 10 ca corresponding to the two different sizes of SLi
targets) usiag Coulomb-corrected phase-shift predictions from the computer code

CROSS2! with the phase shifts of Rowe, Salomon, and Landau.22

The data were cortected for computer live time, multiwire proporti{onal

drift chamber efficiency, pion survival fraction through the spectrometer, aad

the variation of the spectrometer’s solid angle with pion momentum. The quoted

error bars are statistical only. Total systematic errors are estimsted to be

a7% due to uancertalnties of 3% ian chamber efficiency, £3%7 in pion survival

fraction, 2% in the spectrometer’s solid angle variati{on with momentum in the

spectrometer, *3% in channel beam monitoring, and t3% in normalizacion to *

scattering on hydrogen. Furthermore, the data for the 3.563~ and 4.25-MeV

gtates contain additional systematic errors of t15% and £10%, respectively, due

to the uncertainity in the fitting of the large continuum background and the

uncertalnity in the position and width of the 2% gstate., These systematic

. errors were {nferred by varying the order of cthe polynomial fit to the

background, and by varying the position and width of the 2% state from 4.23 to

4,27 MeV and 660 to 700 keV.

IV, DATA ANALYSIS

A. Elastic scattering analystis

The first-order, zero-range, {mpulse-approximation elastic calculations

were performed with a varfation2? of the coordinate-space computer program

PIRK,2 which solves a Klein-Gordon equation, using only linear terms in the
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optical-model potential, For all SLi elastic calculations, we used the e
Kisslinger form?¥ of the optical-model potential given by

V(r) = ~Mk2b p(r) + Ab To(r)ed W o
where p(r) is the nucleon density normalized to unity, k' is the lab momentum .
of the incident pion, and A {s the mass of the target. The complex bo and bx ;'f
coefficients are constructed from the pilon-nucleon phase shifts of Rowe,
Salomon, and Landau?2 evaluated at an energy of 30,0 MeV below the incident ?*l;
pion beam energy. This procedure has bHeen demonstrated by Cottingame and ]}‘{
Holtkamp?3 to give better agreement to pion-elastic-scattering data for nuclet o
ranging from 98e to 208Pbh, This phenomenological shift in the collision energy
{a a method for adjusting the pion-nucleus kinematics so as optimally to . ;‘é”
factorize the optical-model potential (see Ref, 12 for a discussion of the
above procedure)., The proton matter density distribution was characterized by ;-;;
a three-parameter phenomenological distribution taken from elastic electron
scattering?® with the finite size of the proton charge removed., This

distribution has the form

o(e) = 2/(8v Y ) (1/ad )exp(-r2/bal) -

(c2(6b2 =r2)/4b/ Yexp(-r2 /4b2)] (2)
with a = 1u,928 €fm, b = 1,26 fm, and ¢ = 2,48 £m.25 This phenomenological :?:;'
distridution was also used for the neutroa matter densitv distribution.

The present 120- and 180-MeV n* elastic data, the SIN l64-MeV v~ elastic s
data,?’/ and elastic calculatfons are presented {n Fig. 2. Since the elastic
optical potential 1{s used for the generation of the distorted waves for
inelastic calculations, the good agreement indicates adequate handling of the

distortions.

8, Inelastic scattering analysis
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The inelastic calculations presented in this paper are Born approximation,
DWIA calculations in which the pion-nucleus transition amplitude 1is a
configuration-space, folded product of a distortion function and form factor.
The distortion fuaction, a product of initial and final pion distorted waves,
is computed from the elastic optical-model potential employed in the elastic
calculations. Calculation of the form factor, whose specific form depends upon
the inelastic transition and 1s the folded product of the pion-anucleon
interaction and the nuclear transition density, uses the frozen-target approxi-
mation assuming on-shell kinematics and a collision energy obtained from the
elastic calculations, For inelastic calculations using pure LS-coupling and
Cohen~Kurath {ntermediate coupling wave functions,!! we use a modification of
the generalized inelastic scattering potential code ALLWRLD?® co calculate the
form factor. The harmonic oscillator parameters and renormalization constants
tnclude the standard ceater-of-mass correction needed when using shell-model
wave functions, The distortion function and differential cross sections are
then generated from the code UTDWPL.29 For all other inelastic calculations we
use only the code UTDWPI and no center-of-mass correction 1is included in the
harmonic oscillator parameters and renormalization constants, However, these
inelastic calculations use center-of-mass corrected form factors with the

correction being applied in momentum space.

1. 3%, T=0, 2.185-MeV state

Electron-scattering daca indicate that the natural-parity transition to
the 2.185-MeV level of SLL (s almost coapletely longitudinal, with measurewsents
in the region of q = 0.7 to 1.8 fo~} yielding a transvecrse form factor which is
less than 2% of the longitudinal form factor.3? Since the spin-orbit transttion

density 1{s approximately zero, the form factor involves only the central
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component of the pion-nucleon interaction and the isoscalar aatter transiton
density.3! Inelastic calculations for this natural-parity transition have been »
J performed using two different transition densities derived from pure LS-

coupling and Cohen~Kurath intermediate coupling p~shell wave functions. Each

calculation employed equal transitioa densities for the protons and neutroas,

The harmonic oscillator parameter, a, and renormalization coanstant for the ;:

transition density derived from the pure LS-coupling p-shell wave fuactioas are :-.
0.536 fa~! and 2.03, These values were required to fit the inelastic-elsctroan- .f
scattering data considered in Ref. 32 and give good agreement between theory iu;
and experiment for the 5L1<p.p')‘L1‘(z.xss MeV) differeacisl cross sections at ;-J

Ep 225 and 45 MeV,?2 The transition deasity decrived from the intermediate

coupling p-shell wave functions uses a = 0.558 fa~! and a renormalization

constant of 1.93, again determined from (e,e”) data.’’ Electron-scattering
longitudinal form factors from Refs, 14 and 34 are shown in Fig. 3. The solid
(dashed) curves correspond to the transition densities computed from the pure
LS~ (intermediate) coupling p-shell wave functions., Both theoretical form
factors are siamilar, with the intermediate coupling form factor {in better

* 2.185-Mev data and

agreement with the electron-scattering data, The 1
calculations for T, = 120 and 180 MeV are presented in Fig. 4. Fig. 5 shows
the data and calculations for T, = {00 to 260 MeV with the differential cross
sections corresponding to a constant momentum transfer q = 109 MeV/c. From the
data and calculations, the first maxima of the angular distributions for the

2.185~MeV state are expected to be at q * 164 MeV/c, The intermediate coupling

calculation 183 {n good agreement with both cthe 120- and the 180-MeV

experimentsl angular distributions. Furthermore, this calculation reproduces
well the constant-q experimental differential cross sections, considering that

the theoretical values plotted in Fig, 5 are taken from the steep forward slope

of the various angular distributions where errors would produce the greatest
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variations. The pure LS-coupling calculstion yields similar shapes for the

120- and 180-MeV angular distributions and the constant~q differential cross [}

sections as does the intermediate coupling calculaci{on but overestimates the

magnitudes, Such disagreement suggests that the renormalization constant {s

too large. : ‘
» ..

2, 2%, Te0, 4.25-MeV state o
The electron-scattering form factors for both natural-parity transitions iy ’ L

: oo

to the 2,185~ and 4.25-MeV levels have the same dependences on the momentum [ )

PR

transfer.35 Therefore, the transition to the 4.25-MeV state is principally

longitudinal, and we treat this transition as completely analogous to the

excitation of the 2,185-MeV level., However, even though the 4.25-MeV state is
observed in (e,e’) spectra, a detailed form factor has not been measured
because of this state’s large natural width, the overlapping 5.37-MeV state,
and the large continuum background.® We therefore cannot deduce a transition

density from electron-scattering data as was the case for the 2.185=MeV

traansition, Thus, we simply used a transition density derived from Cohen-
Kurath intermediate coupling p-shell wave functions with a = 0,52 fa™! and a
renormalization constant of 0.82 decermined Erom fitting only our (a*,»x%’) data
at 1‘“ = 120 and 180 MeV. This transition density yields a radlative width,
PgEZ), of 3.02 eV in agreement with the experimental value of 5.4 ¢ 2,8 eV,!?
The 4,25-MeV experimental and theoretical 120- and 180-MeV angularc
distributions and the constant=q differential cross sections are shown in Figs,
6 and 7, respectively. The agreement i{s not as good as for the 2,185-MeV state
but s very reasonadle considering the diff{culties in extracting the cross

sections and possible uncertainties in the transition density,
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3. 0%, Tal, 3.563-MeV state

As 1is the case for the natural-parity transitions to the 2,185~ and
4,25-MeV levels of SLf, the Born approximation DWIA description of the pion~
i{nduced unnatural-parity transition to the 3,563-MeV state is straightforward,
involving only a single component of the pion-nucleon interaction and a single
nuclear transicion densicy. Ustng a single scattering model, the spin~
dependent plece of the interaction is represented by the zero-range spin-orbit
operator,? and the transition densl:y‘ {s the transverse spin traasition
density. We employed three different transverse spin transition densities
determined from fits to various (e,e’) measurements but compared to the most
recent sets of (e,e’) data (Refs. 14 and 137). The protoa and neutron
transition densities were taken to be equal. The reasons for using three
transition densities are: (1) The p-shell harmonic oscillator basis is known
to result {n a poor description of the 3,563-MeV elaectron-scattering transverse
form factor over the entire second lobe, ¢ > 1.4 fm™l, We therefore employ one
transition density which reproduces both the first and second lobes of the form
factor. (2) Since there 1is no analog to the 13,363-MeV state as {is the
situation for the 12.71=/15.11-MeV analog=-antianalog pair of 12C, any anomalies
{n the 3,563-MeV excitation function depend upon comparison of theory with data
and not data for analogs as for the 15.11-MeV level, Thus, accurate spin
transition densities are {mperative,

The first analysis for the spin-flip transition to the 3,563~MeV state
used a spiln transition density derived from Cohen-Kurath [ntermediate coupling
p=shell wave functions. The harmonic oscillator pacameter was chosen to he
0,518 €m~! Erom the work of Petrovich, et al.,’? who fitted low q electron-
scattering data using pure LS-coupling p=-shell wave functions, We used a

renormalization constant of 0.97, Petrovich, et al. conclude that hoth sets
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of ctheoretical wave fuancticas provide an adequate description of the
experimental static mosents and cransitioa probsbilities of 611 with the
exception of the quadrupole moment . 32 However, we chose the Intermediate
coupling p-shell wave functions because they give ; slightly becter fit cto the
most recent sets of (e,e”) data (Refs. 14 aad 37) for the inelastic Ml form
factor. Fig. 8 shows the calculated transverse form factor (solid curve) and
(e,a”) dats for the transition to the 3.563-MeV state.

The second calculation employed a spin ctransition density obtained from
the empirical shell-model wave functions of Donnelly and Walecks.!? These wave
functions are almost identical to the pure LS-coupling p-shell wave functions.
Using p-shell harmonic oscillator radial wave functions for the valence
nucleons, Donnelly and Walecka determined the one body density matrix elements
from normalization conditions and from fits to the ground state magnetic dipole
and electric quadrupole moments and the Ml form factors for electron elastic
and inelastic scattering for ¢ < 1.0l fa~!.,!? A harmonic oscillator plrancte:"
a=0.493 fa"! and a renormslization constant of 0.96 were used in our
calculations, The resultant finelastic Ml form factor (dashed curve) 1is
compared to the (e,e”) data in Fig. 8,

The third analysis used a phenomenological spin transition density based
on the work of Bergstrom, 2&_2&’1“ This transition density was derived {n the
saase mannet as the transition density of Donnelly and Walecka except that we
fitted the (e,e”) data of Refs. 14 and 37, which extend to q = 2,96 fa™!, and
assuned a polynomial form for the p-shell radial transition density, The wave
functions for the SLi ground state and 3,563-MeV state were taken to be
described by the SASK-A amplitudes of Bergstrom, 35_1£.1“ The cadial transition
density has a phenomenological form

R2(r) = e"z/bz(azrZ +a " +agrb) 3

with b =2.02 fm, &, 6,625 x 1072 fa™%, a2 e -5.0% x 107 fa”’,
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ae 1.967 x 10™ fm™, ylelding a reduced x2 of 1,32 from a fit to the
inelastic M1 form factor, which is presented in Fig. 8 (chain-dot curve),

The v+ data and DWIA calculations at Ty = 120 and 180 MeV for the spin-
flip transition to the 3,563-MeV state are shown in Fig., 9. At 120 MeV the
three spin transition densities give equivalent shapes for the angular

distributions 1in the range of our data, 15.7° ¢ 9 < 48,99, aAll

CeMe

calculations predict the correct location for the first maximum of ec.m = 289,

However, the Cohen-Kurath {ntermediate coupling (solid curve), Donnelly and

Walecka (dashed curve), and phenomenological (chain~dot curve) calculations
overestimate the magnitude of the f{rst maximum by 18%, 29%, and 387%,
respectively, The three spin transit{on densities yleld similar results for
the shape of the 130-MeV angular distribution through the first mimimum but
d{ffer through the second maximum and wminimum. Each calculation underestimates
the magnitude of the first maximum by at least 26%.

The n* 3,563~MeV excitation function data and DWIA analyses are presented
in Fig. 10. The momentum traasfer for the excitation function was determined
to be g = 109 MeV/c from the first maximum of the 120-MeV angular distribution.
All other data points for the various energies are within +4% of this q. None
of the spin transition densities predict ‘the measured shape and magnitude of
the 13,563-MeV excitatfon function. The Cohen-Kurath (ntermediate coupling,
Donnelly and Walecka, and phenomenological calculatfons disagree with the data

by at least 220% at both the low and high {ncident plon energles.

V. DISCUSSION AND RESULTS
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The disagreement between theory and data for the 120- and 180-MeV angular
distributions and excitation function for the unnatural-parity transition to
the 3,563-MeV state {s difficult co understand, as is the disagreement observed
for the unnatural-parity transition to the 15.{1-MeV state of !2C, For
comparison, the 12,71- and 15.11-MeV excitation functions along with OWIA
calculations as described in Ref, 10 are shown in Fig, 11, As noted in the
introduction, a simple OWIA description of pilon-nucleus inelastic scattering,
which uses a single component of the pilon-nucleon {nteraction and a single
transition density, has been successful 1in descridbing unnatural-parity
transitions in many nuclet. Using the zero-range spin-orbit operator and a
spin transition density derived from Cohen-Kurath p-shell wave functions,
Morris, La_]_._.w adequately reproduced the experimental 12,71-MeV excitation
function., Furthermore, Cottinganme, e_tll_.lz adequately describe the 12,71-MeV
angular distributions for L 100 to 260 MeV. Even though there is an energy-
dependent enhancement near Ty = 180 MeV f{n the 15.11-MeV excitation function,!?
the low-energy (T' = 100 and 116 MeV) angular distributions for this state are
reproduced by simple DWIA calculations.!? Using the same zero-range spin-orbit
operator and three different spin transition densities, we cannot adequately
describe either the 120-MeV and 180-MeV angular distributions or the excitation
function of the ctransition to the 3,56)-MeV srate. However, we are able to
reproduce the angular distributions and constant-q differential cross sections
at energies from T = [00 to 260 MeV for the natural-parity transitions to the
2,185~ and 4,25~MeV levels of SLi using only the central componeant of the plon-
nucleon {nteraction and transition densities derived from Cohen=Kurath p-shell
wave functions. The configuration-space, zero-range form of the spin-dependent
component of the pfon-nucleon i{nteraction of Carr, 55_31..9 is most likely not
in error. Furthermore, the transition densities we used for the transition to

the 3,563-MeV level yield inelastic Ml form factors which agree with the (e,e’)




——y——
PP S A S A IO AL AT A P A s S S e g B e s s e e e g v " -

147 C )

-

=16~

data for q ¢ 1.4 fm~! (see Fig. 8), which s a range of q that adequately

L L S UL Y e

covers the q ® 0,55 fa~! at which cthe excitatfon function wvss messured.
- However, this does not eliminate uncertainities in the spin ctransition
densities since the electron-scattering inelastic Ml form factor depends upon
both the orbital and spin transition densities. Petrovich, _e_t_l_l_.’z noted that
l the monopole spin transition densities darived from both the pure LS-coupling

and the Cohen-Kurath intermediate coupling p-shell wave functions produced

Gamowv-Teller wmatrix elements 17.9% and 8.4% larger than the experimental

'

values., Also, Petrovich, e_t:L].ﬁ2 did not obtain agreement between theory and
their SLi(p,p”)BL1%(3.563 MeV) data at Ep = 25 MeV, with the theory failing to
reproduce either the shape or magnitude of the angular distribution, This
disagreeaent, however, was not attributed to uncertainties in the spin
transition density, but Petrovich, et al. suggesced that other resction
processes 1in addition to the direct, one-step reaction process were
contributing to the transition. Furthermore, Cammarata and Donnelly,38 in
their study of cthe reaction SLi(y,7*)®He near thrashold, conclude that the
ratio of the orbital and spin transitfon densities derived from the Donnelly
and Walecka wave functions!3 is probably correct. Thus, as is the case for the
15.11-MeV state of 12C,!0 the disagreement between our simple DWIA analyses and
the 3.563-MeV angular distributions and excitaction function 1is difficult to

explain as due to uncertainties in the spin transition density or the spin-

dependent piece of the piom-nucleus {nelastic interaction,

Since simple DWIA calculations using a well-tested spin-dependent

i
Lk

hd

-t

component of the pion-nucleus 1inelastic interaction and spin transition
densities odbtained from fits to (e,e”) data fail to reproduce both the shapes
and magnitudes of cthe 3.563- and 15,11-MeV excitation functions, we suggest
that the same mechanisa may be respoansible for che observed eanergy-dependent

anoaalous shapes in both 6L and !2c, & possible mechanism is the direct
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excitation of A-h components of the excited state wave functions, as proposed
in Ref. 10, Within this A-h wmodel intecprecation, we can estimate the amount
of A-h admixture in the 3,563-MeV wave function., Using the peak of the
3.563-MeV excitation function (T, = 190 MeV), the DWIA calculation which used
the phenomenological spin transition density, and the procedure of Refs. 10 and
39, we estimate a aixing matrix element of 3 € x € 37 MeV. This range of
values of «x {s similar to that escimaced for the 15,11-MeV scate of 12c
(7.4 € x € 27,3 Mev),?? However, if the direct excitation of 4~h components is
applicable to both transitions, comparison of the two excitation functions and
DWIA calculations (see Figs., 10 and 1l) indicates cthat the resonant A-h
scattering aamplitude may interfere differently with the p~h scattering

amplitude for the two transitions.

VI. CONCLUSIONS

Describing plon-nucleus {nelastic scattering with cthe Born approximation
and DWIA, we obtain predictions which agree with the n’-lnelastic-scat:eting
measurements for the 37, 2.185-MeV and 2%, 4.25-MeV states of ®Li, Our
predictions fail to reproduce both the 120~ and (30-MeV angular distributions
and the excitsation function for the unnatural-parity transicion to the
3.563-MeV state., The measured excitatfon function exhibits an anomalous
energy-dependent shape similar to that observed for cthe [*, [5,11-MeV state of
12¢, Similar wmechanisms may bde rvesponsible for the anomalous excitation
functions for these isovector transitions, If cthis mechanism {s the direct
excitation of A-~h components in the final state wave functions, the peak of the
3.563~MeV excitation function s reproduced with an estimated mixing mactrix

element of ) ¢ « < 37 MeV, a range of values consistent with che escimaced
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mixing matrix element of 7.4 < x ¢ 27,3 MeV3? for the 15.11-MeV excitation

function, .
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TABLE I: Differential cross sections for »* elastic scattering and inelastic
scattering to the 3%, 2,185-MeV, 0%, 3.563-MeV, and 2%, 4.25-MeV levels of SLi,

Elastic 3%, 2.185 Mev 0%, 3.563 Mev 2%, 4,25 MeV

T -] a da/dﬂc.m. dd/dnc.m. dddﬂc.m. dO/dﬂc n

com, 9

(MeV) (deg) (fa™l) (mb/sr) {(mb/sr) (ud/st) (mb/sr)

100 34,3 0.55 27.2 % 0.1 0,397 £ 0,017 39,8 ¢ 2.2 0.147 ¢ 0.005
120 15.7 0.29 80.5 & 0,4 0,271 £ 0,033 33,9 ¢ 3.0 0.079 £ 0,00S
120 21.9 0.40 74,1 £ 0.4 0,307 £ 0,042 43,6 t 4.6 0.091 £ 0.008
120 25.1 N.46 64.0 £ 0,3 0.569 £ 0,032 61,5 ¢ 5.6 0.137 £ 0.009
120 28,2 0.51 49.1 &£ 0,2 0.632 £ 0,033 41,3 ¢ 4.7 0.259 ¢ 0.014
120 28,2 0.51 48.8 ¢ 0,2 0N,587 £ 0,030 48.4 ¢ 4.1 0,203 £ 0,008
120 30,3  N.55 43.0 ¢ 0.3 0,737 ¢ 0,040 57,0 £ 4.3 0,276 £ 0,009
120 33.4 0.61 34.9 ¢ 0,2 0.799 = 0.0%0 eoe sos

120 33.4 0.61 35.1 £ 0.2 0.853 £ 0,037 38,0 ¢ 3.3 0,274 +£ 0,007
120 38.6 0.69 see ves 32.8 £ 3.2 0.395 £ 0.007
120 43,7 0.79 15.0 £ 0,1 0N.973 £ 0,029 22,3 ¢ 3.2 0.335 £ 0.007
120 48,9 0.87 8.2 ¢ 0,1 0.97% £ 0,028 12,3 ¢ 2.3 0,274 £ 0,005
130 27.2  0.55 64.9 £ 0.3 1.1l & n.0S 60,7 & 4.4 0.315 £ 0.009
160 25.2 10,55 80,5 ¢ 0.3 1.36 £ 0.06 68,5 £ 5.5 0,505 £ 0.011
170 24,7  0.57 eee toe 70.2 £ 7.0 0.607 ¢+ 0.011
170 24,7  0.57 85.4 £ 0.5 1.78 ¢£ 0,n9 80,7 & 9.4 0,637 £ 0,021
180 21.1 0.50 103.4 £ 0.4 1.25 £ 0.07 17,0 ¢ 7.6 0.855 ¢+ 0.018
180 24,3 0,58 79.4 £ 0.3 1.74 ¢ 0,06 00.0 ¢ 7.7 0.690 £ 0.015
180 24,3  0.58 79.5 t 0.5 1.62 £t 0,08 95.0 ¢ 9.4 0.801 £ 0.021
180 24,3 0.58 79.3 ¢ 0.4 .59 ¢ 0,06 see cee

180 24,3 0.58 80.9 % 0.5 .68 ¢ 0.09 62,0 £ 9,1 N.763 £ 0.019
180 27.% 0.65 Hl.3 0.3 (.97 = 0.06 55.0 t 5.4 N0.829 * 0,012
180 30.6 0.72 44,7 £ 0.2 2.32 t 0.06 43,1 £ 6.3 N.8383 £ 0.014
190 23.2 0.57 aee ‘es 97.0 = 12,0 0.870 £ 0.030
190 23,2 0.57 (X voe 39,5 = 9.5 0.981 £ 0.030
200 2l.7 0,56 vee vee 8l.7 = 6.4 N,h07 ¢ 0,013
200 21.7  0.56 100.7 &£ 0.7 1.96 £ 0,12 97.0 £ 5.7 0737 £ 0.012
215 20.7 0.56 107.0 £ 0.5 1.88 £ 0.N9 73.3 £ 5.6 0.892 £ 0.012
210 19,7 0.55 105.7 £ 0.7 2.03 = 0,12 55.9 £ 7.3 0,707 £ 0,015
230 19.7 0,55 103.4 £ 1.5 2.09 £ 0.25 55.6 & KD n.703 ¢ 0,013
260 18.2 0.56 109.8 £ 0.8 2.0h ¢ 0,13 3.1 £ 10,5 0N.713 £ 0.021

AThe q values were calculated for an excitation energy of 2.185 MeV,
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FIGURE CAPTIONS

A typical * energy-loss spectrua taken at T, = 140 MeV and 8LaB * 26°
for which the hardware veto of elastic evencs was used. The insert is
the ** energy-loss spectrum without the use of the hardware veto.
Differential cross sections for n* and ¥~ elastic scattering for 611
for T, = 120, 164, and 180 MeV. The calculations include a =30 MeV
shift in the energy at which the optical model parameters are
calculated. The 164-MeV data acre from Ref. 27.

F2(q) for the 3", T=0, 2.185-MeV stace of °Li. The calculations used
microscopic transition densities derived from pure LS~coupling (solid
curve) and Cohen-Kurath intermediate coupling (dashed curve) p-shell
wave functions with a = 0,534 fm~! and a renormalization coastant of
2.0 and a =~ 0.558 fa~! and a renormalization constant of 1,93,
respectively, The data are from Refs, 14 (solid circles) and 34 (open
circles).,

Angular distribuctions for ®* {nelastic scattering to the 3%, T=0,
2,185-MeV state of ®Li for T, = 120 and 180 MeV. The calculations
used microscopic transition densities derived from pure LS-coupling
(solid curve) and Cohen~Kurath itntermediate coupling (dashed curve) p-
shell wave functions with o = 0,534 fm~! and a renormalization
constant of 2.03 and a = 0,558 fm ! and a renormalization constant of
1.93, respectively.

Differential cross sections for 1 inelastic scattering to the 3",
Te0, 2.185-MeV state of ©SLL at a constant q * 109 MeV/c, The
calculations used aicroscopic transition densities derived froa pure
LS~coupling (solid curve) and Cohen~Kurath {intermediate coupling

(dashed curve) p-shell wave functions with a e 0,534 fm~! and a
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renormalizstion constant of 2,03 and a = 0.558 fa~ and a
crenormalization constant of 1.93, respectively,

Fig. 6. Angular distributions for ** finelaseic scattering to the 2*. T=0,

A N
e .
PRy T SR I L!

4.25~MaV state of SL{ for T, = 120 and 180 MeV. The calculation used

1 2
»
(3
A

a aicroscopic transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions with a = 0,52 fa™! and a

renorsalization constant of 0.82,

.

Pig. 7. Differential cross sections for wn* inelastic scattering to the 2%,
T=0, 4.25-MeV state of SLi at q = 109 MeV/c. The calculation used a ;
microscopic transition density derived from Cohen~Kurath intermediate

coupling p-shell wave functions with a = 0.52 fa ! and a -

at 2 2 h  Be'ala's’as s

renormalization coastant of 0.82.

o

Fig. 8. F2(q) for the 0%, T=l, 3.563-Mev state of 5L1, The calculations used
T

a wmicroscople transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions (solid curve) with
a = 0,518 fm”! and a renormalization constant of 0.97, a microscopic

transition density derived from the empirical shell-model wave

functions of Donnelly and Walecka (dashed curve) with a = 0,493 fm~!

and a renormalization coastant of 0.96, and a phenomenological ;>~:,
transition density based on the work of Bergstrom, et al. (chain-dot .
curve), The data are from Refs. 14 (solid circles) and 37 (open
circles).

+

- Fig. 9. Angular distributions for 7" {nelastic scattering to the 0%, Tsl,

3.563-MeV state of SLi for T, = 120 and 180 MeV. The calculations

used a uwicroscopic transition density derived from Cohen=-Kurath
intermedlate coupling p-shell wave functions (solid curve) with _x;n

a=0.,518 fa~! and a renormalization constant of 0,97, a amicroscopic

transition density decrived from the empirical shell-model wave
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5=
functions of Donnelly and Walecka (dashed curve) with a = 0,493 fa~!
and a renormalization constant of 0,96, and a phenomenological
transition density based on the work of Bergstrom, et al, (chatin=dot
curve).

* f{nelastic

Bxcitation function at a constant q > 109 MeV/c for =
scattering to the 0%, T=1, 3.563-MeV scate of SLi. The calculations
used a mnicroscopic transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions (solid curve) with
a = 0,518 fo~! and a renormalization constant of 0.97, a microscopic
transition density derived from the eapirical shell-model wave
functions of Donnelly and Walecka (dashed curve) with a = 0,493 fa~!
and a renormalization constant of 0,96, and a phenomenological
transition density based on the work of Bergstroa, et al, (chain-dot
curve),

Excitacion functions (averaged ** and 1~ cross sections to remove
isospin mixing) at a constant q = 124 MeV/c for pion {nelastic
scattering to the 1%, T=0, 12.71~MeV (circles) and 1*, T=l, 15.11-MeV
(squares) states of !2C. The calculations used mictoscopic transition
densities derived from Cohen-Kurath p~shell wave functfons. The solid

curve is for the 12.,71-MeV state, The dashed curve is for the 15,11~

MeV state and has been amultiplied by four (see Ref, 10),
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